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SUMMARY AND EVALUATION OF
FUEL DYNAMICS TRANSIENT-OVERPOWER EXPERIMENTS:

STATUS 1974

by

L. W. Deitrich, R. C. Doerner,
T. H. Hughes, and A. E. Wright

ABSTRACT

This report summarizes and evaluates experiments con-
ducted in the Transient Reactor Test Facility (TREAT) using
the Mark-II loop facility. The tests discussed are of the E and
H series. Detailed descriptions of test conditions and test re-
sults as of February 1974 are presented. Since all data have
not been acquired on all experiments, this report must be con-
sidered interim in nature. Particular emphasis is placed on
data relevant to Fast Test Reactor (FTR) safety-analysis efforts.

I. INTRODUCTION

A. Purpose and Scope

Since mid-1969, the Fuel Dynamics program has conducted a number
of in-pile experiments in the TREAT facility, using the Mark-II sodium loop
and stainless steel-clad oxide-fuel pins. This status report summarizes the
results now available from those experiments related to the Transient Over-
power Hypothetical Core Disruptive Accident (TOP HCDA) in the Fast Test
Reactor (FTR).

Results of experiments in two series, the H and E series, are sum-
marized. The H-series experiments (of which four are discussed) were
originally intended to determine the failure threshold for FTR-type fuel pins
with energy input not much in excess of the failure energy. As the accident
analysis developed and the needs for experimental verification became better
defined, the H series was reoriented towards study of fuel-element response
to simulated 0.5-1 $/s ramp-reactivity-addition transients.

The E-series experiments (of which six are discussed) were originally
intended to examine not only the failure threshold, but also the events after
failure, particularly fuel motion. Generally, E-series tests used higher-
energy, faster transients than did H-series tests, and as the program devel-
oped, the tests were oriented towards simulation of 3-5 $/s ramp accidents.
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Early experiments (El, E2, E3, E4, and H2) used "natural" TREAT transients
starting from isothermal conditions. Later tests used the TREAT feedback
control system (which became operational in 1971) to produce a shaped tran-
sient in which a power burst simulating the FTR power excursion follows a
preheat phase during which fuel temperatures representative of steady-state
irradiation conditions are attained.

Regardless of the nominal designation of an experiment, an attempt
has been made to obtain and present as much information as possible on
failure threshold and fuel motion. Particular attention has been given to
calculation of the thermal history of the test fuel during the transient, to def-
inition of conditions at failure, to determination of the location and mode of
failure, to description of pre- and postfailure fuel motion, and to information
related to fuel-coolant interactions. Of necessity, much of the fuel-motion
information is qualitative.

B. The Fuel Dynamics TOP Test Program

The program of Fuel Dynamics experiments in support of the TOP
HCDA analysis has emphasized the dependence of failure threshold and fuel
motion on fuel microstructure and on transient rates. Thus far, tests have
been conducted on fresh pins and on two different types of EBR-II irradiated,
prototypic, mixed-oxide pins. Three early tests (El, E2, and E3) used UO2
fuel pins with Type 304 stainless steel cladding.

Fresh fuel pins were tested alone in F12, E4, El, and E2, and in con-
junction with irradiated pins in H3, H4, H5, and E6. In most cases, the fresh
fuel was unrestructured with no irradiation exposure before the test. (Five
fresh pins were used in both H3 and H5.) Fresh fuel is thought to be capable
of sustaining very large fractions of melting before cladding failure, and to
fail by local cladding meltthrough due to local boiling and subsequent cooling
loss at the surface. The experimental results from the Fuel Dynamics tests
tend to confirm this hypothesis.

High-power-irradiated fuel typified by NUMEC-F pins was used in
H4, E6, and E7. This fuel had a fully developed central void and columnar,
equiaxed, and unrestructured regions. Due to the flat axial power shape in
EBR-II, the pins have essentially the same structure along their entire length.
Therefore, they have a microstructure representative of that of the central
portion of a high-power FTR pin. Such fuel is thought to be the most resistant
to failure of the irradiated pins tested, since the captive fission gas is con-
fined to the equiaxed and unre structured fuel at the very outer portion of the
fuel. Release of this fission gas as temperatues close to melting are attained.
which results in rapid loading of the cladding, is postulated to lead to failure
of preirradiated fuel.
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Fresh Pins

Prototypic Fuel Nonprototypic Fuel

Low Heating Rate	 H2

High Heating Rate	 E4	 El, E2

Preirradiated Pins

Intermediate-power Fuel High-power Fuel Nonprototypic Fuel

0.5-1 $/s

3-5 Vs

H3, H5

E8

H4

E6	 E3b
E7a

equiaxed regions are found, with little gas in the columnar and inner parts of
the equiaxed regions. No significant central void is present. This fuel should
have a lower failure threshold than that of the high-power fuel. It is typical
of the fuel structure expected near the ends of the high-power FTR pins. As
with the NUMEC-F pins, the structure of the PNL-17 pins is fairly uniform
axially, although the columnar region does not extend to the ends of the fuel
column.

The relationship of the various Fuel Dynamics tests is summarized in
Table I. All tests were conducted using the TREAT reactor and a Mark-II
loop, described in Appendix A. The test data included reactor power, flow,
and pressure at the pin-bundle inlet and outlet; inlet and outlet sodium tem-
peratures, and certain other temperatures depending on the experiment; and
measurements with the fast-neutron hodoscope. This latter instrument sys-
tem, also described in Appendix A, provided direct observation of fuel motion
by following fission-neutron sources during the transient. Neutron radiographs
of the experiment hardware provided data on posttest fuel disposition, which
was greatly augmented by posttest physical examination. The "postmortem"
also yielded much valuable data on details of the remains, including micro-
scopic characteristics of both fuel deposits and fines.

TABLE I.1. Fuel Dynamics TOP Test Program through FY 1974

aSeven irradiated pins; other tests have preirradiated central pin with six
fresh peripheral pins.

bThree MTR-irradiated pins.

Since many parameters of interest cannot be measured in character-
izing a test, one must resort to calculation to obtain these values. In fact,
such calculations require a substantial effort, both in development of tools,
and in evaluation of results. The calculational tools and input are discussed
in Appendixes B and C. Most calculations reported here were performed
using a modified version of the COBRA-IIIM program, which in itself is a
modification of COBRA-III, incorporating fuel-pin heat transfer. Cladding
mechanical calculations were done using DEFORM-II, which has been linked
to COBRA-IIIM such that it receives temperature distributions calculated in
a manner appropriate to the test geometry.

13



C. Program Status

Table II summarizes the status of work on the various tests discussed
in this report. Essentially, thermal histories and failure threshold data
have been completed for each test, as has posttest neutron radiography.
Hodoscope results available as of spring 1974 are included. Similarly, post-
test examination results as of spring 1974 are included. Data related to
Test H4 are included in the tabulations, and preliminary H4 results are fac-
tored into the discussions and conclusions.

TABLE II. Status of Fuel Dynamics Testsa

Test

Calculations

Hodoscope
Analysis

Neutron
Radiography

Posttest Examinations
Thermal
History

Failure
Threshold Mac ro Micro Fines

El C C C C C C N/A
E2 C C Q C C C C
E3 C C Q C C C N
E4 C C No data C C C C
E6 C C N C N N N
E7 C C I C N N N
H2 C C C C C C C
H3 C C C C C C N/A
H5 C C I C N N N
H4 C C N C N N N

aC = work complete; I = interim results available; N = no results available;
N/A = not applicable; Q = qualitative results only.

Work on Tests El, E2, H2, E4, and H3 is considered complete. Con-
tinued analysis and interpretation of Tests E3, H5, E6, E7, and H4 has been
performed and will be reported in a sequel to the present report.

This report, then, represents a "snapshot" of our interpretations as
of spring 1974.

D. Summary of Major Test Conclusions

Based on the test data and analysis described in this report, the fol-
lowing conclusions appear to be in order. Note that, since certain items of
information expected are lacking, such as posttest examination and hodoscope
results for the later tests (H4, H5, E6, and E7), some modifications in these
conclusions may be necessary.

Fresh fuel pins tested at relatively high thermal rates can sustain
very high fuel enthalpy and melt fraction without failure. Ultimate failure of
these pins followed a period of local boiling during which cooling loss, at
least locally, would be sustained. The mechanism of failure appears to be
cladding meltthrough. Failure-threshold measurements at lower thermal rates
are not available for fresh fuel. The only data are for peripheral pins in tests
having a central irradiated pin, which is thought to have failed first, inducing
peripheral pin failure.
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At low thermal rates (equivalent to -0.5 $/s), there is no significant
difference between the failure thresholds of the two types of irradiated fuel
tested. Both samples appear to have failed as the melt front (solidus tem-
perature) approached the radius at which the gas content of the fuel begins a
rapid increase. Thus, an association of failure with gas release from the fuel
is implied. The nature of failure is not definitively known, but the pressure
data are consistent with an abrupt mechanical failure.

At higher thermal rates (equivalent to 3 $/s), data are available only
for one type of fuel. The results are inconsistent, at least when cladding tem-
perature is taken as the independent variable. However, both failures appear
to have involved relatively large proportions of gas release from the cladding,
and very small or absent pressure signals. A pinhole gas leak is thought to
have been the mode of failure. The very high resistance to failure shown in
one test (E6) suggests a rate effect on gas release and cladding pressurization.

Although determination of the precise location of initial failure is dif-
ficult in many cases due to extensive pin damage, the available evidence points
toward failure in the top half of the pin. In fresh-fuel tests, the failure was
near or even above the top of the fuel column. Irradiated pins tend to fail
lower in the top half, near the location of maximum fuel enthalpy.

Prefailure fuel motion internal to the cladding occurred in early tests
of fresh fuel, and appears to have relieved cladding strain so that failure was
by meltthrough. However, in later tests of irradiated fuel, and with fresh fuel
of more prototypic design, this type of prefailure motion was not observed.
Thus, these tests cannot now support assumption of gross prefailure axial
motion in accident analysis.

Postfailure fuel motion presents a rather complex picture, with many
possible influences extant. However, certain features appear common to the
test results. First, the general trend of fuel motion is away from the cluster
midplane and preferentially upward. The extent of axial motion is quite vari-
able, but the net motion is away from the midplane in all cases. Second, at
least limited sweepout of fuel from the original fuel column into the upper pin
structure occurred in each test involving failure. The extent of motion is
variable, and a correlation with ramp rate or melt fraction has not been found.
In tests of nominally prototypic fuel, little sweepout beyond the pin bundle is
evident. Third, at least partial plugging of the flow path has occurred in every
test. The locations and nature of the blockages are not known at this time for
the later tests. In the early tests, accumulations of once-molten fuel, fines,
and/or cladding debris in the channels or at obstructions were the cause.

In each test in which fuel failure occurred, voiding of the coolant from
the fuel region was indicated, reflecting a fuel-coolant thermal interaction
and/or gas release into the coolant. In most cases, measurable pressure
pulses accompanied the coolant accelerations and were monitored on trans-
ducers. Based on the magnitudes of the measured pressure pulses, the
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indicated voiding rates, fuel-coolant mixing-zone pressures estimated from
the coolant accelerations, and estimated work done on the coolant, there is
no indication of a very energetic fuel-coolant interaction approaching the
thermodynamic limits. Likewise, the observed accelerations do not imply
very high pressures in the mixing zone.

II. TEST SPECIFICATIONS

The test specifications and conditions applicable to Fuel Dynamics
TOP tests are summarized in Table III. A more detailed discussion follows.

TABLE III. Test Conditions
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Number and Type
of Pins

Central	 One fresh One irrad. One irrad. Fresh	 Fresh	 Three pins; One fresh One NUMEC-F One NUMEC-F One f4.16EC-F
PNL-17	 PNL-17	 PNL-17	 UO2 ann.	 1102 ann.	 MTR irr.	 PNL-17	 4.5% burnup	 4.5% burnup	 4.5% burnup

304. cladding 3001. cladding 304 cladding

Edge	 Six fresh	 Six fresh	 Six hollow	 Six hollow	 Six fresh	 Six AUMEC-F	 Six fresh
4.% burnup

Type of Holder	 Cyl. tube,	 Fluted	 Fluted	 Tubular,	 Tubular,	 Tubular,	 Cyl. tube,	 Fluted tube,	 Fluted tube.	 Fluted tube.
adia. wall	 tube,	 tube,	 radial	 radial	 radial	 adia. wall	 adia. wall	 adia. wall	 adia. wall

radial	 adia. wall	 heat sink	 heat sink	 heat sink
heat sink

Type of Thermal-neutron	 B6Si	 B6Si	 B6Si	 None	 None	 None	 BoSi	 B6Si filter	 B6Si filter	 B6Si filter
Filter	 liner	 filter and	 filter and	 liner	 and shaping	 and shaping	 and shaping

inside	 shaping	 shaping	 inside	 collars on	 collars on	 collars on
contain,	 collars on	 collars on	 contain.	 locoa 	loopa	 loopa
can	 loopa	 loopa	 can

Avg Coolant Velocity in
Bundle before Failure, m/s

Corresponding Volume
Flow, 10-6 m3/s

Initial Inlet Temperature, K

Calibration Factor, 1/g-MWb

Central

Hottest Edge

Preheat:

TREAT Power Level, MW

Duration, s

Burst:

Rise Period (Initial
Value for Burstsl, s

Max TREAT Power, MW

Total TREAT Energy (M1)
including preheat

Date of Test Performance

TREAT Transient Number

H2 H3 H5 El E2 E3 E4 E6 E7 l44

6/11/70

1317

6/29/72

1456

2/5/73

1490

7/2/69

1281

9/4/69

1283

6/19770

1322

11/20170

1346

1/18/73

1487

3/19/73

1499

12/19/73

1530

6.34 4.0 3.7 3.81 4.42 4.42 5.49 3.57 4.57 4.02

165 740 680 1060 1240 356 144 640 740 730

697 650 628 683 678 678 728 666 680 641

3.14 1.52 1.52 3.45 3.45 1.87 3.14 163 1.63 1.63

Zero Zero 1.87 2.05 2.19 2.05

None 160 115 None None None None 167 142 235
3.0 3.0 3.0 2.4 2.5

0.080 0.9 1.1 0.060 0.050 0.035 0.066 0,188 0.180 0.90

1518 425 E05 1800 2865 6503 2584 2250 2468 650
490 810 1090 500 750 1250 700 1211 1450 1250

aFilter material covers pump stator shell also.bvalue corresponding to 1.0 unit In Figs. 6 and 7.

A. Fuel Pins

The essential features of the fuel pins used in Fuel Dynamics tests are
summarized in Table IV and Fig. 1. The irradiation-history data in Table IV
are from pin-surveillance calculations, and the postirradiation data come from
destructive examination of sibling pins. 1-3 Variations between sibling pins
and the actual test pins are not included. Table IV and Fig. 1 indicate that a
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FRESH

wide variety of fuel pins have been tested in the Fuel Dynamics program. In
many cases, pin selection for a given experiment was based largely on avail-
ability of irradiated pins suitable for modification for use in Mark-II loops.

TABLE IV.	 Fuel-pin Characteristics

Irradiated Irradiated
Fresh Pins Irradiated NUMEC-F Pins PNL-1 7 Pins

Used in Pins Used Used in Used in
El and E2 in E3 E6, E7, and H4 H3 and H5a

As-fabricated Properties

Fuel composition

Uranium enrichment, To

Plutonium enrichment, To
Fuel-pellet density To TD
Pellet diameter, mm
Fuel-column length, m

Cladding material

Cladding:	 ID, mm
OD, mm

Fuel-Cladding diametral gap, mm
Overall pin length, mb
Spacer-wire diameter, mm

Irradiation History

100% U0 2

13

93
6.25
0.317(E1)
0.287(E2)
304L SS,
annealed
0.635
0.737
0.08 ± 0.03
0.4635
1.44

-
-

-

_
-

100% U0

13.3

91.3
3.81
0.145

304 SS

0.396
0.442
0.2
0.2254
1.2

MTR
4.82, 4.8
6.33

-
-
_

-2650

22.3
77
9.31
0.25

-

0.041

3,

75% UO 2 ,

25% Pu0 2
76.9
85.6
89.9
4.93
0.343

316 SS,
20% CW
0.508
0.584
0.2
1.1
1.0

EBR-II
4.5

32.8-38.1
3.6-4.1
-800
-2150

53-61
44
11.4
0.58
1.6
2.1
0.008

75% UO2,

25% Pu02
65
88
93
4.93
0.343

316 SS,
20% CW
0.508
0.584
0.2
0.784Z
1.4

EBR-II
3.4

33.8
3.2
-800

45
50
5.5
0
1.1
1.8
0.03-0.05

Reactor
Burnup, at. To

Power-level peak, kW/m.

Fluence, 10 22 nvt
Max cladding temp, K
Max fuel temp, K

Postirradiation Properties (sibling-pin values)
Fission-gas volume, STP, cm 3
Fission-gas retention in fuel, To
Plenum-gas pressure at room temp, 10 5 Pa
Central-void radius, mm
Column-grain outer radius (midplane), mm
Equiaxed -grain outer radius (midplane), rnrn
Fuel-cladding residual radial gap, mm

aFresh PNL-1 7 pins used in H2 and H4 with 1.0-mm spacer wire. Special fresh pins used in H3, H4,
H5, and E6 have similar composition.bAs modified for testing.

FUEL

E
3 uu6Lma",,RETAINER

FUELSPRING
E I

INSULATOR.	 STAINLESS STEEL REFLECTOR
E2

Fig. 1

Fuel Pins Used in Fuel Dynamics Tests.
ANL Neg. No. 900-3714 Rev. 1.
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The two pins used in El and E2 differed primarily in the degree of
axial restraint to fuel motion. Essentially no txial restraint was present in
the El pin, but inertial restraint was introduced for E2 to help ensure failure.
The E3 pins had very high gas retention and were suitable for study of the
effects of failure of "gassy" fuel. The pins used for Tests H2 and E4 were
spare pins, constructed for, but not used in, the PNL-17 subassembly. They
were shortened and the spacer was changed before use. Irradiated PNL-17
pins, also shortened, were used in Tests H3 and H5, but with the original
spacer wire.

All the PNL-17 pins have a spacer tube on top of the fuel column in
place of the more prototypic Inconel reflector piece. Except for an Inconel
reflector, the "special" fresh pins used as peripheral pins in Tests H3, H4,
H5, and E6 were nearly the same as the PNL-17 pins. The presence of the
Inconel reflector contributes to the heat capacity above the fuel column and
offers greater impediment to axial fuel motion than does the spacer tube.
NUMEC-F fuel pins were used in Tests E6 and E7, shortened as much as
possible for use in Mark-II loop. These pins have a long insulator column,
also a nonprototypic feature.

A metallographic cross section of the irradiated PNL-17 sibling pin
is shown in Fig. 2, and a similar picture for the NUNIEC-F pin is shown in

C: COLUMNAR-GRAIN REGION
E: EOUIAXED - GRAIN REGION

U: UNRESTRUCTURED REGION

Fig. 2. Metallographic Cross Section of PNL-17 Pin. ANL Neg. No. 900-4006.
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CV: CENTRAL VOID
	

E: EOUIAXED- GRAIN REGION

C : COLUMNAR- GRAIN 	 U: UNRESTRUCTURED REGION
REGION

Fig. 3. Figure 2 shows the
presence of columnar, equiaxed,
and unrestructured regions, but
no central void. Thus, the fuel
microstructure has features of
both high-power and low-power
fuel, and is called intermediate
power.

Figure 4 gives the radial
distribution of retained fission-
gas concentration for each pin
type. The two distributions are
more characteristic of high-
power fuel. The rather unusual
features of microstructure and
gas content in the PNL-17 pins
result from irradiation at two
power levels due to increase in
EBR-II power level about mid-
way in irradiation of the PNL-17
subassembly. Figure 3 shows
the NUMEC-F pins to have a
typical high-power structure
with fully developed central void.
Figure 4 shows an estimated
(measurements not available)
fission-gas distribution for these
pins , 4 which is typical of that
expected for high-power fuel.
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Fig. 3. Metallographic Cross Section of NUMEC—F Pin.
ANL Neg. No. 900-4005. 	 The estimate was based

on a comparison of operating
temperature during steady-state irradiation, structural morphology, and total
fission-gas release between the PNL-17 and NUMEC-F elements, along with
the data for the PNL-17-10 pin. Comparison of the temperature profiles dur-
ing steady-state irradiation indicated that similar values existed at the region
boundaries in both cases. The gas-retention fractions in the various regions,
taken to be those found for PNL-17-10 by laser sampling, were used with the
volume fractions of the various structures to yield a total gas retention in the
fuel of -31% at the midplane. This value corresponds to a release of -69% at the
midplane and -62% for the entire element. Data for whole-element gas release
in two sibling pins, N-013 and -159, gave -56 and -57%. Thus the estimate is
in fair agreement.

B. Fuel-holder Design

The fuel holder is the part of the test hardware that establishes the
boundary conditions immediately surrounding the pin bundle. Several different
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COLUMNAR I EOUIAXED IUNRESTRI PNL-17 REGIONS 	 types have been used in Fuel
VOID I COLUMNAR IEO-AXIUNRESI NUMEC-F REGIONS Dynamics tests according to the

geometry of the cluster and the
test requirements. A cross sec-
tion of each type used is shown in
Fig. 5.

Fuel holders are generally
either "adiabatic" or "nonadiabatic,"
according to the extent to which
radial heat transfer is impeded.
Adiabatic holders have either a
vacuum or a gas-filled annular
space between the flow tube and
the pressure-vessel wall of the
loop. Single-pin adiabatic vacuum
holders were used in Tests H2
and E4, whereas seven-pin gas-
filled adiabatic holders were used
in H4, H5, E6, and E7. In general,
the flow-tube walls were made as
thin as practical to minimize the
heat capacity. However, this fea-
ture also limited their mechanical
strength, resistance to meltthrough,
and rigidity under pressure loading.

Appendix A contains a dia-
gram of each type of fuel holder

used. Again, several different designs have been used, depending on the
geometrical requirements of the test. For example, the holder for E6 and
H4 was specially designed to allow the longer NUMEC-F central pin to extend
up into the loop plenum, with a support tube provided to position the upper part
of the pin. The seven-pin E7 holder allowed all seven pins to extend into the
plenum and provided a baffle to help turn the flow downward into the pump-
return leg. Appendix A gives flow-area and hydraulic-diameter data for the
complete flow path for each experiment. Note that the pump leg of the loop
is the same for all tests. This information may be used in dynamic simula-
tions of an experiment and for back calculation of various pressure data.

C. Power Distributions

The power distribution obtained during a test is important, both as in-
put information to calculations of test parameters and as a factor bearing on
fuel motion. For a particular test, the power distribution is d etermined by
a combination of calculation and experiment. The distribution is a ssumed to
be separable into axial and radial components, both of which can be adjusted
(within limits) to meet certain criteria. Figures 6 and 7 show the current
best-estimate axial and radial distributions for the various TOP experiments.
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Fig. 5. Fuel—holder Cross Sections. ANL Neg. No. 900-3713 Rev. 2.
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Early Tests El, E2, and E3 were run without thermal-neutron filter-
ing. The low enrichment of the test fuel and short fuel column led to accept-
able radial power distribution without filtering. However, all the tests on
mixed-oxide fuel pins have required thermal-neutron filtering to achieve an
acceptable power distribution with the high effective enrichment. Tests H2
and E4 used a B 6Si filter which fit just inside the loop containment can and
covered the entire loop. No axial shaping collars were used. This filtering
method was not entirely satisfactory, because the resulting radial power
distribution was such that melting did not begin at the centerline.

Later Tests H3, H4, H5, E6, and E7 used B 6Si filters applied directly
to the loop wall and pump shell along with axial flux-shaping collars. The
object of the collars was to produce an axial distribution coincident with that
experienced by the irradiated pins during steady-state irradiation in EBR-II.

As one can see from Fig. 7, the power distribution in the seven-pin
tests is quite complex. It has been characterized as a superposition of a
radial distribution that is axisymmetric with respect to the axis of the central
pin and a gradient across the cluster rising from flux depression on the pump
side of the loop. For the calculations reported here, the central pin was taken
to be axisymmetric, and each peripheral pin was taken to have the same intra-
pin distribution relative to the pin average power and with respect to a cluster
radius through the axis of the pin. The radial power distribution used for cal-
culations involving the NUMEC-F pins were corrected to account for redis-
tribution of fissile material during steady-state irradiation of the pins. Effects
considered include different densities of the various structure zones and mi-
gration of fissile material due to temperature gradients. The basic calcula-
tions were supplied by HEDL.5

There was a substantial power gradient across the seven-pin cluster
due to flux depression on the pump side of the loop. This gradient resulted
in a power level in the coldest peripheral pin (toward the pump) that was only
about 77% of that in the hottest peripheral pin (away from the pump). The
two pins adjacent to the hottest one had the same power, while those adjacent
to the coldest one had a power about 91% of the hottest. Central-pin and
hottest-peripheral-pin calibration factors are given in Table III.

D. Test Instrumentation

As mentioned in Sec. I, instrumentation is provided in tests with the
Mark-II loop for measurement of flow, pressure, temperature, and fuel move-
ment. The instruments and their calibration are discussed here. Table V
summarizes the instruments used for the Fuel Dynamics tests.

Loop flow was determined by two electromagnetic flowmeters, one
measuring flow into the pin bundle and the other measuring flow out. The in-
let flowmeter was located in the 19-mm-ID pipe just upstream of the entrance
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to the pin bundle; the outlet flowmeter was located about 0.89 m above the
inlet. These locations were fixed by the loop design. In tests using
NUMEC-F pins, the pins extended up through the outlet flowmeter.

TABLE V. Instrumentation Summary for TOP Testsa

H2 H3 H5 El E2 E3 E4 E6 E7 H4

Inlet Flow x x Nxxxx

Outlet Flow xxx x x x x x xxb

Inlet Pressure x x x x x x x x xx

Outlet Pressure Nxx x x x x x xx

Inlet-sodium TC's 1 1 1 1 1 1 1 2 2 2

Outlet-sodium TC's 1 5 3 1 1 4 1 2 2 3

Other TC's 1 N 4 1 1 N 1 3 4 7

Hodoscope x x x x Q Q N x x x

ax = instrument present and operable; N = instrument not present
or no usable data obtained; Q = qualitative results only.

bAuxiliary flowmeter in loop plenum added.

The inlet flowmeter was calibrated in place by measuring the pressure
drop across an orifice placed in the loop. A pressure-drop/flow curve for the
orifice was determined out-of-loop using water. The outlet flowmeter was
calibrated against the inlet flowmeter after test-section installation. A 1-A
current was supplied to the magnet coils by a constant-current power supply.
The dc output signal was fed directly to the TREAT amplifiers.

Pressure-measurement points were provided on the loop at locations
just downstream of the inlet flowmeter and just upstream of the outlet flow-
meter. Measurements were made using an unbonded-strain-gauge type of
transducer mounted on NaK-filled standoff tubes. A bellows separated the
NaK from the loop sodium. The necessity for the standoff tubes arose pri-
marily from space and operating-temperature limitations of the transducers.
The Statham PG-732 transducer units were factory-calibrated. Such calibra-
tions were checked after installation of the standoff-tube assembly by com-
parison with the precision pressure gauge. A 5-V, 5-kHz excitation was sup-
plied to the transducer by an oscillator-demodulator unit. The output signal,
also of 5 kHz, was fed to the demodulator, which produced a dc signal that x‘ as
fed to the TREAT amplifiers.

Temperatures were measured at various points near the pin bundle and
in the supporting structure, using Chromel-Alumel thermocouples. Typically,
measurements were taken at the pin-bundle inlet and outlet, and at one or more
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locations in the coolant stream, so that coolant temperatures or the presence
of hot debris was determined. The exact placement of thermocouples varied
from test to test.

All thermocouples were 1.0-mm-dia stainless steel-sheathed with
grounded junction. The wires were less than 0.25 mm in diameter and were
insulated with magnesia. Individual thermocouples were not calibrated; stan-
dard calibration tables were assumed to apply. Important deviations from
the standard curve were normally obvious, and small deviations (a few degrees)
were not significant. The thermocouple signals were referenced to a 339 K
cold junction.

From the TREAT amplifiers, signals were routed to one or two multi-
speed 14-track magnetic-tape recorder(s) which produced an FM record of
the instrument signals. The same signals were fed to an oscillograph, which
produced a direct analog record of the signals. The magnetic tape was sampled
at intervals as short as 1 ms by an analog-to-digital converter to produce
digital data. These digital data formed the basis from much of the information
reported.

Power-transient data were obtained from ionization chambers located
in the reactor shield. Four signals were produced, two of which are used to
determine the instantaneous power level and two to determine integrated
power. Reactor power and reactor energy release are related to sample
power and sample energy release through the power-calibration factor. This
factor was derived from measurements of pin activation resulting from steady-
state irradiation normalized to comparative activities of monitor wires exposed
to steady-state and transient irradiations. Radiochemical analyses of fuel
from the central pin and the hottest peripheral pin irradiated during Test H3,
conducted as soon as possible after the test, provided confirmatory data on
the radially averaged fission density due to transient irradiation.

E. Reactor Power Transients

The power transients used for the tests considered in this report fall
into two categories: natural temperature-limited transients and shaped tran-
sients. Temperature-limited transients were initiated by a step insertion of
reactivity, and the reactor power was allowed to vary naturally. The power
was limited by the negative temperature coefficient of reactivity of the re-
actor, such that an approximately Gaussian power-time curve was obtained.
The initial period, maximum power level, and integrated power were deter-
mined by the initial reactivity step, although the transient could be terminated
early by a scram. Experiments using such transients included El, E2, E3,
E4, and H2. In these cases, the initial condition was isothermal. Because the
transient was initiated by a step reactivity increase, the power-time curve
did not match that of a ramp accident. Transients typical of those used for
the above tests are plotted in Fig. 8.
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Shaped transients using a feedback-
control system have been possible for the past
2 yr. In such transients, the power level or pe-
riod can be prescribed as a function of time, and
the control system will move rods to produce the
desired curve. This system has been used to pro-
duce transients having a constant-power preheat
phase followed by a power rise on a controlled pe-
riod that produces a thermal history similar to
that of a ramp reactivity-addition accident. Such
transients were used for Tests H3,H4,H5,E6,
and E7. The transients used are shown in Fig. 9.

F. Correlation to FTR Accident Conditions
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Fig. 8. Characteristics of Natural	 Test conditions have been correlated
Transients in TREAT	 to FTR accident conditions for each test in

which prototypic fuel was used. The correla-
tion was done by comparing the radially averaged fuel enthalpy and the cladding
surface temperature calculated for the tests with corresponding values calcu-
lated for the FTR by HEDL. 6 Comparisons were done using the axial midplane
values. (Actually, values 25.4 mm above the
midplane were used for the FTR cases.) 	 270i	

0 E6For the E-series tests (and H2), the corn- 	 IA E7
+ H3parison was made with a 3 V	 240—$/s-ramp acci-	 x H4

dent calculation; a 0.5 Vs-ramp accident
210—	

0115

calculation was used for comparison with
the H-series tests (except H2). In each ac-	 180

cident calculation, pins having ratings of
40.7 kWirn (high power) and 30 kWirn (in- 2• 150

te r me diate power) were considered.
• 120

The comparison was made by plot-
ting the enthalpy-time and temperature-
time curves for the reactor and for the test
on the same scale, and then sliding one
curve over the other until the best match
was realized. Clearly, such a comparison
is not unique. The time scale plotted is test
time; the zero of the reactor-transient time
scale is shifted as necessary.
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Fig. 9. Characteristics of Shaped
Transients in TREAT

Figures 10 and 11 illustrate the cor-
relation of Tests 112 and E4, respectively, with the 3 $/s FTR accident. One
sees that the shapes of the thermal-history curves for the tests differs from
the accident and exhibit more rapid changes early in the transient. However,
by the time of pin failure (in the tests), the rates had decreased to values
comparable to or less than those of the accident. This behavior is especially
notable tin the H2 case.
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Comparison of Test H4
and FTR Thermal Histories

A much better correlation is generally seen in Figs. 12-16 in which
correlations for the shaped transients H3, H4, H5, E6, and E7 are presented.
The beneficial effect of the shaped transients is clearly indicated. Note that
some tendency is exhibited for the H-series tests to develop higher thermal
rates late in the transients. In general, the deviations up to failure do not
exceed 55.6 K or 42 Jim. Such agreement is quite good.
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Tests E6 and E7 show a very good correlation to the 3 'Is FTR acci-
dent as indicated in Figs. 15 and 16. The thermal rates and values at failure
in the test correspond quite well to the FTR values.
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III. EXPERIMENTAL RESULTS

This section summarizes the results of the experiments, discussed in
this report. Included are a summary of the test data, the results of calcula-
tions of the thermal history of the fuel up to failure, a summary of hodoscope
and posttest examination data where available, and a scenario of events dur-
ing the test as derived from our current understanding of the data and
calculations.

A. Test H2

Test H2 was the first Mark-II loop experiment in which an FFTF-
type mixed-oxide fuel pin was heated to failure in an overpower transient
simulation. A single PNL-17 fuel element (PNL-17-42) was used after mod-
ification by shortening to an overall length of 0.784 m and replacement of the
spacer wire with one of 1.0-mm diameter. The fuel holder was a double-
walled "adiabatic" design with the space between the tubes evacuated. Di-
mensions of the inner tube were 8.28 mm ID by 9.86 mm OD; the outer wall
was 11.0-mm ID by 12.6-mm OD.

Figure 17 gives the TREAT power and energy histories for Test 112.
Also included are the energy generated in the fuel and the retained fuel energy,
both averaged radially at the elevation of the maximum values. Flow and
pressure data from the test are plotted in Fig. 18. The pressure transducer
at the outlet produced no data due to a failure in the readout circuitry. Inte-
grated flows past the upper and lower flowmeters are shown in Fig. 19 with an
arbitrary zero point on the scale. The difference between the values for the two
flowmeters at any time is the net void volume at that time.
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Test H2. The sketch and scale at

'	
the right side relate void volume to

z linear dimensions of the flow channel

(7)

▪ 	

and fuel column. The 137.2—mm void
0a.	 section at failure is assumed to grow

downward from the top of the fuel
column. Fuel release after 1.528 s
would not be manifest in the flow
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Calculated and measured coolant temperatures and calculated fuel
temperatures are given in Fig. 20, along with an indication of some events of
significance in the transient. Calculated areal fractions above the liquidus
and solidus temperatures and the progression of melting are also shown in
Fig. 20 for the hottest axial node.
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Fig. 20. Thermal History for Test H2. Calculated fuel temperatures are shown in the top left panel.
Calculated cladding and coolant temperatures. and measured coolant temperatures, are shown

in the lower left panel. The progression of fuel melting at the hottest axial node is at the right.



The voiding curve shows that vapor generation began at about 1.46 s,
with about 3500 mm 3 of vapor being formed by 1.50 s. This vapor generation
probably reflects local boiling under or just downstream of the spacer wire,
which would account for the apparent upward motion of the void with the flow
stream. Several very small pressure pulses (69 ± 69 kPa) were observed in
the interval from 1.48 to 1.49 s, probably corresponding to collapse of vapor
bubbles in the channel above the fuel column. Void growth stopped at 1.50 s,
reflecting a balance between vapor production and condensation.

The temperature calculations indicate that peak cladding surface tem-
peratures in the range of saturation at 0.1-0.2 MPa existed by 1.46 s, when
vapor generation began. Thus, the calculations verify the presence of at
least local boiling before failure. Note also that TC3, located near the top
of the fuel column, oscillated in reading between saturation at about 0.25 MPa
and a lower value beginning at about 1.45 s.

A sudden increase in the rate of void growth at 1.51 s, accompanied
by a series of four pressure pulses, marked the time of cladding failure and
release of fuel into the partially voided channel. Thus, failure occurred 45-
50 ms after boiling began. This interval is consistent with an estimate of
the time required to dry out a liquid film adhering to the cladding tube.

At 1.522 s, the acceleration of the upper sodium slug became negative,
and reentry began 12 ms later. This flow reversal was due to reduction of
pressure in the fuel region, probably due to condensation of vapor and rupture
of the holder wall. Failure of the holder wall by meltthrough was found in
several spots--one very near the top of the fuel column--in posttest exam-
ination. Reentry of the upper slug terminated by 1.54 s, without penetration
of liquid back into the hot fuel zone. At about this same time, the inlet flow
became positive and a period of quiescent behavior began.

The apparent steady flow in the interval between about 1.55 and 1.7 s
suggests a certain amount of through flow, which would surely lead to inter-
action with hot fuel and production of pressure pulses and slug ejections.
Neither of these phenomena was observed. The flow measurement at the inlet
indicated reentry of 8000 mm 3 of sodium between 1.58 and 1.7 s. This is just
enough to contact the lower 25 mm of the fuel column (assuming that the inner
holder wall has ruptured), leading to the observed ejection at 1.71 s.

Hodoscope data suggest an initial sharp bending of the pin near the top
of the fuel column as early as 1.3 s, with a general bowing over the entire
length occurring by about 1.33 s. This motion is coincidental with the initial
approach to solidus temperatures in the fuel pin. A definite indication of up-
ward fuel flow began at 1.36 s (150 ms before pin failure) and continued at a
nearly constant rate for -200 ms. Molten fuel appeared to move against or
around the upper insulator pellets. Initial fuel motion was from the region
about 25 mm below the top of the fuel column. Later fuel flow seemed to be
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from the lower into the upper regions ot the pin. After failure, there was
some slight evidence of fuel entering the flow channel. However the precise
time of fuel release into the flow channel cannot be determined from the
hodoscope data. (Due to the signal-to-nois e ratio of the hodoscope, the thresh-
old of detection for fuel addition is much larger than that for fuel depletion.)

There was no indication of fuel slumping or downward movement from
the cladding-failure region; motion of fuel upwards out of the original fuel
region was the predominant motion.

Posttest examination suggested that molten fuel from the lower region
of the fuel column flowed upward through a tubular-shaped shell of fuel that
never did melt. Sections of intact cladding tube were found over the bottom
25 mm of the pin, despite the presence of once-molten fuel and cladding that
formed a porous flow-channel plug in that region. Most of the fuel was found
frozen to the holder walls as large chunks, many of which could be easily
broken into small pieces. Accumulation of frozen debris about 25 mm above
and below the top of the fuel column caused a partial flow blockage at the outlet.

Both flow-channel blockages were relatively porous (about one-third
void by volume) and consisted of mixtures of steel and fuel. The generally
homogeneous nature of the fuel-steel mixture found on the holder wall sug-
gests that hot or molten fuel melted the cladding and both moved as a mixture.
An apparent propensity for increasing steel fractions in the lower region,
especially in the lower plug, may be due to a small amount of cladding melt-
ing before fuel release, especially at the bottom of the pin. One example of
molten cladding slumping downward was seen about 25 mm above the bottom
of the fuel column, but the amount of material was small and did not seem to
significantly affect the formation of the lower plug.

All the sodium was flushed from the loop and reacted with alcohol in
an attempt to reclaim any fuel fines that were expected to be swept out of the
flow channel. Less than 5 g of debris was found, and most of this had a den-
sity of less than 4000 kg/m 3 . No measurable quantity of fuel was found.

The test data do not clearly identify the initial failure point, the mech-
anisms that cause fuel to move, or the sequence of fuel motion after initial
release. A sequence, not inconsistent with the data or available analytical
models, includes prefailure upward flow of fuel inside the pin, leading to con-
tact of the molten fuel with the cladding. Local loss of cooling due to local
boiling allows the fuel to melt the cladding in the upper insulator region. Mix-
ing of the fuel-cladding slush with the two-phase coolant initiates rapid vapor
production and complete voiding of the channel. Vapor from prefailure boiling
could account for the mild pressure pulses and low energy conversion.

Only that fuel released during the first 10-15 ms after failure can be
swept out with the flow stream, since the channel is essentially voided after-
wards. The outlet-channel plug apparently was formed during this interval,
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while the lower plug may have formed in two stages. Fuel released later
than -15 ms after failure entered a completely voided channel and froze on
the holder wall, with some meltthrough. If the release rate remained con-
stant, fuel motion should have been complete within -75 ms.

A summary scenario for Test HZ is given in Table VI.

TABLE VI. Summary Scenario for Test H2

TREAT Time, s 	 Event and Evidence

1.32	 Hottest axial fuel node (just above midheight) ap-
proaches solidus.

1.34	 Pin bowing at top noted by hodoscope.

1.36 Cladding gap closes at hot node. Maximum areal
fraction above solidus reached. Bowing over pin
length observed by hodoscope.

1.38	 Liquidus temperatures reached.

1.45	 TC2 indicates higher-than-calculated coolant tem-
perature. Possible vapor formation.

1.46	 Vapor generation evident from flow and void data.

1.48-1.49	 Small inlet pressure pulses, believed due to vapor-
bubble collapse.

1.36-1.56	 Upward fuel motion at constant rate observed on
hodo scope.

1.51	 Pin failure; release of molten fuel into flow channel.
Sodium slugs ejected from both ends of flow channel
with -760-kPa pressure pulses at inlet. TC2 burn
out.

1.51-1.52	 Liquid reentry from both ends of flow channel.

1.59-1.70	 Local boiling observed in flow data (small
oscillations).

1.72	 Reentry FCI. Inlet slug ejection. Little correlated
activity at outlet suggests outlet blockage by fuel
plug.

1.9	 End of available flow data. Tendency for slow de-
crease noted. Posttest examination suggests outlet
blockage.
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B. Test E4

Geometrically, Test E4 was identical to Test }12. Pin PNL-17-43
was used. A more energetic TREAT transient was specified. Figure 21 shows
the reactor and fuel-pin power, as well as energy data. The flow and pressure
data are plotted in Fig. 22. Note that the flow data between 1.97 and 2.01 s are

500
400 .

300

200	 Fig. 21

Power and Energy for Test E4

10
15	 1.6	 17	 18	 .9	 2.0

E4 TEST TIME, s

Fig. 22. Flow and Pressure Data for Test E4. The insert shows the estimated flow with the time;
the amplitudes measured inlet and outlet pressure pulses. Flowmeters went off—scale at
1000 cm3 /s as indicated by dashed lines in the flow curve. The scale for pressure data
after 2.0 s is half that shown.
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plotted separately. These results are estimated from the neighboring veloc-
ities and accelerations, since the flowmeters went off-scale during this interval.
Integrated flow curves are shown in Fig. 23, along with the apparent void
volume. Calculated and measured temperatures are given in Fig. 24, along
with the areal fractions of fuel having temperatures in excess of solidus and
liquidus temperatures.

HOTTEST)
NODE	

,
CLAD

37

Fig. 23

Integrated Flow and Void Vol-
ume for Test E4. Void size
during Test H2 is shown for
comparison. The time during
which the two void curves are
identical (1.930-1.965 s) is re-
ferred to as mild boiling.

Fig. 24. Temperature History for Test E4. Calculated fuel temperatures are shown in the top left
panel. Calculated cladding temperatures at the hottest axial node and at the location of
TC2, and the outlet coolant temperatures, are shown in the lower left panel. Measured
temperatures are also shown. Heating at the inlet at 2.05  s is due to cooling of the in-
let blockage and some mixing of hot material with the inlet-plenum sodium. Propaga-
tion of the inlet front and fuel fraction above the solidus and liquidus temperatures are
shown on the right.



Failure of the cladding is thought to have occurred at 1.975 s o pre-
ceded by about 45 ms during which mild boiling is apparent, and by abou t 17 ms
during which the entire fuel cross section was calculated to have a tempe ra

-ture above liquidus. Figure 23 suggests that vapor production may have be-
gun as early as 1.91 s. A careful examination of the void-growth rate shows
a defined break in slope at 1.93 s, suggesting that the apparent void before

this time was caused by thermal expansion of the fuel and flow-channel
sodium as they were heated. The voiding after 1.93 s is believed to be due
to true vapor production.

The entire channel opposite the fuel column appeared to be voided of
sodium by 1.988 s. Fuel released later deposited on the holder wall, causing
extensive melting. The apparent reentry noted in HZ did not appear in E4,
although the secondary ejection of sodium from the inlet was noted beginning
at about 2.025 s.

The sequence of failure events is very much like that in HZ. Voiding
was much more rapid than observed in HZ, with slug accelerations lasting for
only about 5 ms. Channel plugs were larger than those observed in H2, sug-
gesting more rapid fuel release, with considerable release within 5 ms of
failure. More fuel release was expected because of the higher fuel tempera-
tures and larger melt fraction. In this case, temperatures in excess of fuel
boiling were calculated, and fuel vapor may have contributed to fuel motion.

Posttest destructive examination indicated that the major point of
failure was within 50 mm of the top of the fuel column. Apparently, the steel-
fuel debris from the initial failure (thought to be due to cladding meltthrough)
caused a partial or complete plugging of the flow channel above the point of
failure. The thermocouple near the top of the fuel column burned out within
10 ms of failure.

The top part of the upper plug showed signs of reacting with the pin
cladding and holder wall. The lower region of the upper plug showed signs of
material being compacted in place. Similar features were observed in the
lower flow-channel plug, but with a lesser degree of cladding and end-cap
melting. Both plugs had porosities and compositions similar to those found
in Test H2. As much as three-quarters of the fuel was found frozen to the
holder walls as large chunks or clinkers that did not break up as easily as
those found in H2. Microphotographs show a very homogeneous mixture of
-2-5-p.m steel globules through the chunks that were examined.

Most of the inner holder wall had been melted, accounting for the
extensive volume fractions of steel found in some of the fuel. Globules of
once-molten cladding (distinguished from holder steel by its mol ybdenum con-
tent) were found between the walls of the holder at the elevation of the upper
spacer tube. A number of globules of fuel devoid of any steel were found
scattered throughout the flow channel, suggesting the motion of some molten
cladding had preceded that of fuel.
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The upper insulator pellet had undergone extensive melting and crack-
ing. Chunks that broke off did not move far, perhaps because of their large
size. Evidence of a burn hole in the cladding at and above the insulator sug-
gests the prefailure upward fuel flow may have been the cause of initial burn-
through of the cladding and pin failure. Fuel was found in the spacer tube and
frozen on several convolutions of the spring. Sodium vapor had condensed
between the spring and the cladding tube as a thin layer. No evidence of liquid
sodium was found in the pin plenum.

The lower insulator suffered extensive cracking and some inflow of
molten steel, but no melting. The bottom fuel pellet may not have melted, but
was broken up and scattered throughout the flow channel.

Despite the apparent high porosity of the fuel plugs, flow could not be
established after the test for any setting of the sodium pump. The upper plug
was 80 mm long; the lower one about 38 mm. Together, they are believed to
account for -25% of the total fuel inventory. About 5% of the fuel was dis-
tributed throughout the flow channel above the upper plug, and the remaining
fuel was frozen to the outer holder walls. No measurable quantity was found
in the main loop sodium.

There are no hodoscope data for this test, but the similarity in test
data and posttest findings would indicate fuel movements were similar to
those observed in HZ.

A summary scenario for Test E4 is given in Table VII.

TABLE VII. Summary Scenario for Test E4
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Time, s

1.868

1.884

1.90

1.91

1.93

1.963-1.975

1.975

1.99

2.02

2.03-2.04

Event and Evidence

Solidus temperature is approached near the outside edge of
the pellet.

Liquidus temperatures are reached. Internal upward flow is
expected to begin.

Complete cross-sectional area of hottest axial node above
solidus temperature.

Coolant and pin expansion due to heating noted in void data.

Mild boiling begins. Void grows to -5000 mm3.

Some vapor collapse noted in outlet-flow data.

FAILURE. Sodium slugs ejected out both ends of flow channel.
Pressure pulses of 2.76-3.48 MPa measured.

TC2 located 25 mm below top of fuel column burns out. Outlet
blockage started.

Inlet and outlet flow correlation is small, indicating outlet
blockage complete.

Minor reentry event noted at inlet.



C. Test El

Test El was the first experiment to use the Mark-IA integral sodium
loop. Consequently the test was planned to fall short of the regime of vigorous
failures and extreme pressures. A single, fresh UO 2 pin was tested. It was
surrounded by a ring of six dummy pins (helium-filled, hollow-jacket tubes)
to provide characteristic coolant channels. The test pin contained a 0.318-m
stack of 13%-enriched unirradiated UO 2 pellets within a Type 304L stainless
steel jacket, with 7.37-mm OD and 0.508-mm wall. The fuel-cladding diam-
etral gap was 0.08 mm, the fuel smeared density was 90% TD, and the pin
plenum was helium-filled. Immediately above the fuel was a stainless steel
coil spring used to resist pellet movements during pretest handling operations.
The pin was wrapped with 1.4-mm dia stainless steel wire at a 0.2-mm pitch
to separate it from the adjacent dummy pins.

The power transient is shown in Fig. 25. TREAT power and fuel
linear power are read from the left- and right-hand scales, respectively. The
radially averaged transient energy generated in the fuel is shown in Fig. 26.
Calculations indicate that nearly all (95-100%) of this energy was retained
while the fuel column remained intact.
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Fig. 25. Power Transient for Test El
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The hodoscope data
showed that gross axial fuel
movement within the pin began
at 1.32 s, 140 ms after peak
power. Calculations indicate

100 irt that 80% of the fuel was molten
80 and that the peak fuel tempera-w

ture was -3550 K at that time02
60	 (see Fig. 26). The absence of
0 anomalies in the coolant flow

40 • and pressure records implied
u.	 that cladding failure did not

20
occur.

41

Postmortem exarnina-
• 1500 tions showed that, although
cc	 molten 1J02 had penetrated

1000 gaps in the solid oxide next to
the cladding and frozen against

u_ 500 the cladding, the cladding did
not melt through, apparently

0.8	 1.0	 1.2	 1.4	 I 6	 due to the low sodium tempera-
TIME, s	 ture (738.7 K maximum, radially

averaged). Solidified fuel was
found throughout the entire
length of the inside of the clad-

ding, with shrinkage voids distributed along the pin. Mechanical loading of
the cladding by the fuel was relieved by a large amount of molten fuel forced
upward through the spring, apparently by the evolution of gas during melting,
some fuel reaching the top of the 0.11-m-long plenum. The heat from the fuel
partially melted the spring. The voids formed in the center of the fuel column.
As a result of this, a rim of unnaelted fuel about 0.33 mm thick was present in
several locations, indicating that 80% of the cross section had melted, in good
agreement with the calculated value. The measured maximum cladding (plastic)
strain was 1.14%, occurring at the fuel midplane. Calculations that did not
consider axial fuel motion gave a cladding strain of about 1.2% at the onset of
fuel melting and a final strain exceeding 3%.

D. Test E2

Test E2, the second experiment using the Mark-IA loop, was similar
in design to Test El, but incorporated features designed to cause pin failure.
Axial restraint was added to provide a more prototypic situation with respect
to prefailure axial fuel movement than in Test El. A 13-mm-long depleted-UO2
pellet and 51-mm-long (12-g) stainless steel rod were placed on top of the
0.287-m stack of 13%-enriched UO 2 fuel pellets. The steel rod just above the
depleted pellet provided an inertial loading inhibiting gross axial fuel movement

Fig. 26. Thermal History of Test El
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before cladding failure. A spring was used to hold the entire assembly in
place within the cladding (the same type of cladding as in the El test pin).

The power transient for E2 is shown in Fig. 27, with TREAT power
and fuel linear power read on the left- and right-hand scales, respectively.
A higher-energy transient than that of El was used to ensure pin failure.
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Fig. 27. Power Transient for Test E2

Details of the pressure, flow, and temperatures recorded during the
test are shown in Fig. 28. Voiding curves calculated from the flow measure-
ments are also presented.

Pressure spikes, with peak values of 2.96 MPa at the inlet and 2.21 MPa
at the outlet, and strong flow accelerations at both outlet and inlet, signified
pin failure at t = 1.05 s, 80 ms after peak power, after 75% of the transient
energy had been generated. Calculations made with the SAS 1A-ASH code indi-
cate that, at pin failure, 90% of the fuel was molten, the peak fuel temperature
was -4200 K, and the peak coolant temperature was 733 K. The calculated
fuel temperature and energy histories are shown in Fig. 29. Nearly all
(95-100%) of the energy generated before failure was retained by the fuel.
The initial series of pressure pulses continued for 80 ms until the fuel region
was voided of coolant. Little or no reentry occurred at the outlet. A second
series of pressure pulses occurred at the inlet (only), with maximum amplitude
of -3.50 MPa, 450 ms after failure when the void had passed beyond the upper
pressure transducer. It is not clear that this second event was caused by inlet
flow reentry.
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Fig. 28. Data for Test E2
	

Fig. 29. Thermal History of Test E2

Posttest examination of the remains revealed that extensive cladding
failure occurred over the top 41 ram of the fuel stack. The appearance of the
cladding remains was consistent with failure by meltthrough. To a lesser
extent, the cladding also melted through beneath the downstream side of the
spiral spacer wire, where heat transfer was reduced. The maximum mea-
sured cladding strain was 1.5%. (Calculated plastic strain at the onset of
fuel melting was 1.4%, with about 5% calculated to occur at failure.) Fuel
was extremely fragmented and extensively dispersed. Fines were found
packed between the cladding tubes, causing nearly complete flow blockage.

During the transient, the steel restraining rod in the plenum above
the fuel was forced upward, compressing the spring 8 mm. (This is the most
likely means of prefailure fuel-pressure relief, but could also occur during
gas-driven fuel expulsion from the cladding.) It is conjectured that the
restraining-rod movement was caused by rapid thermal expansion of the fuel
and its volume expansion on melting, and that the outer shell of unrnelted fuel
separated under tension, allowing molten fuel to contact and melt through the
cladding.



Microscopic examination of the small amount of fuel remaining inside
the cladding supported the supposition that gas trapped in the fuel stack
(smeared density of about 90% theoretical density) was forced toward the
molten center of the pin, where it could expel fuel, rather than escapin g up
the fuel-cladding gap through local "chimneys."

The detailed structure of the fuel fines was typical of that for rapid
quenching of molten oxide. The size of the fines followed a normal distribu-
tion, with 20% of the particles smaller than 40 1.1, m and 80% smaller than
500 pm. No evidence was found of "shot"-like particles, either solid or
hollow, indicating that the fuel had cooled slowly. Intergranular fracture
occurred, showing that the original particles were larger, although the orig-
inal size cannot be deduced. No damaging fuel-coolant interaction was gen-
erated in E2, either upon failure or as a result of a failure-induced sequence
of coolant ejection and reentry.

A scenario of the basic events during the test is given in Table VIII.

TABLE VIII. Summary Scenario for Test E2

TREAT Time, s	 Event and Evidence

	

0.0	 Transient initiation.

	

0.95	 Melting is calculated to start at hottest
location.

	

0.97	 Melting is calculated to start at
centerline.

	

0.97	 Peak power attained.

1.05	 Fuel-pin failure; pressure pulses at inlet
and outlet; flowmeters indicate voiding.

1.13	 First series of pressure pulses ends.

1.48-1.57	 Second series of pressure pulses ob-
served at inlet only.

E. Test H3

Test H3 demonstrated the capability of an "intermediate-power," low-
burnup, irradiated fuel pin to withstand a mild overpower transient terminated
with fuel temperatures just short of the fuel solidus. An EBR-II-irradiated
mixed-oxide pin, of 3.5 at. To burnup and with no central void, was tested in
flowing sodium as the central element in a seven-pin cluster. The six periph-
eral unirradiated pins were similar to the central pin, but with g reater axial
restraint. A fluted, stainless steel tube with 0.89-mm wall served as holder
for the pin bundle and boundary for the coolant flow. This tube was Surrounded
by, and in close mechanical contact with, a thick (2.54-mm wall) stainless steelouter wall.
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The power transient for the test is shown in Fig. 30 for the central
(irradiated) pin and the hottest peripheral (fresh) pin. None of the pins failed
during the excursion, and the test data show an absence of anomalous coolant
behavior. Figure 30 also shows measured coolant temperatures at the inlet
and outlet. The calculated temperatures at the top of the fuel (the hottest
location) and at the outlet are shown for comparison.
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Fig. 30. Power and Temperatures for Test H3

Calculated thermal conditions in the fuel of the central and hottest
peripheral pins are shown in Figs. 31 and 32. These curves apply at the axial
location of maximum retained energy in the fuel, i.e., at a relative fuel height
of 0.8.

Posttest macroscopic observations and measurements revealed essen-
tially no dimensional differences between the transient-tested central
PNL-17 pin and an untested sibling pin. No transient fuel or cladding swell-
ing occurred, as evidenced by profilometry and fuel-cladding gap-size mea-
surements. Porosity, grain size, and grain structure were also essentially
the same. Differences were found only in the quantity of released fission gas
and the distribution and morphology of fission-gas bubbles, determined by
sampling of the fission gas in the plenum replica electron fractography, and
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laser gas sampling. As can be seen in Fig. 33, the gas released during the
transient came principally from the cooler unrestructured regions by pre-
cipitation on boundaries and diffusion from cracks and pores, and to a lesser
extent from migration from the hotter regions. The observed lack of melting
in the central pin is consistent with the calculations. The calculated maximum
plastic strain of 0.5% of the cladding is somewhat high; no strain was measured.

Up to 40% of the cross-sectional area of the fuel in the hottest periph-
eral pin melted during the transient, as discovered in the posttest examination;
this is in close agreement with calculations. No permanent cladding deforma-
tion occurred. Molten-fuel movement consisted mainly of filling the voids
between the dished ends of adjacent pellets. In one location where a gap
existed between pellets, fuel was extruded out toward, but did not contact,
the cladding.
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F. Test H4

A "high-power" irradiated fuel pin was subjected to a 50 ft/s overpower-

accident simulation in Test H4. The test is closely related to both Tests H5

and E6 as illustrated in Table I; i.e., the pin cluster and coolant-channel
geometry were identical in all three tests, the only basic difference s being
the preirradiation characteristics of the central pin (H5 versus H4) and the
rate of power input (E6 versus H4). A double-walled, gas-insulated pin holder
was used in H4, as in the other two tests.

It was planned to carry the preirradiated element well into its failure
regime. However, the cladding ruptured sooner than expected, and considerable
additional energy was generated before the reactor was scrammed. This is
illustrated in Fig. 34. As a result, all pins suffered major damage, although
not at the same time, with gross fuel relocation within and slightly above the
original fuel region. Several coolant expulsion and reentry events occurred.
It appears that 0.3 s elapsed between the coolant flow disturbance due to the
first pin failure and that due to the next pin failure. If the first pin to fail was
the hottest peripheral pin, its neighboring peripheral pins, which contained
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Fig. 34. Power and Temperatures for Test H4
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about as much energy, would probably fail immediately thereafter. That this
was not the case in H4 supports the belief that the central pin failed first.

The top of the fuel column apparently plugged with fuel and steel shortly
after the initial failure, since subsequent coolant and pressure phenomena were
observed principally at the inlet. The remainder of the events mainly appear
to be a pin failure that voided the fuel region, subsequent pin failures and fuel
expulsion into the voided region, and a final series of reentries and expulsions
of sodium through the inlet. The first reentry-expulsion event in the series
was very strong, with a narrow, 6.895-MPa leading pressure spike and rapid
coolant expulsion. The pressures generated during the final series of reentries
and expulsions apparently packed the fuel against the blockage that formed
after the first pin failure at the top of the fuel region. The posttest neutron
radiograph of the loop shows that the packed fuel mass is about 0.11 m high
and that a 0.22-m region immediately below is largely devoid of fuel. The

bottom 0.05 m of the fuel columns
remained fairly intact. Some fuel

— was carried into the region adjacent
FUEL TEMPERATURES

• 3500 - AT STRUCTURE REGION	 MELTING—	 to the pin plena, most likely during
BOUNDARIES

the initial expulsion at the outlet.

4 Measured and calculated-ds) coolant temperatures are shown inu.0
o

40 0 Fig. 34. The coolant was well belowz
w20 u > 

saturation everywhere when the
a 0cc 0	 first pin failed. Cladding tempera-

tures were typically within 50 K of
the coolant temperatures. Calcu-
lated fuel energies, temperatures,
and amount of melting are shown
in Fig. 35 for the central pin and
in Fig. 36 for the hottest peripheral
pin. The dashed lines in Fig. 36
indicate conditions that would have
occurred in the absence of initial
pin failure.
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Fig. 35. Thermal History of Central Pin for Test H4

As in Test H5 (see next sec-
tion), the preirradiated pin seems
to have failed when the solidus tem-
perature front closely approached
the region of high gas content as that
front moved radially outward.

A scenario of events during Test H4 is included as Table IX. The
posttest neutron radiograph is included in Appendix D.



TABLE IX. Summary Scenario for Test H4

TREAT Time, s	 Event and Evidence

	

0.0	 Transient initiation.

	

3.25	 Start of constant-power preheat.

	

5.75
	 End of preheat; start of overpower excursion.

	

6.69
	 Pin failure (probably the central element only) evidenced by simultaneous pulses

from all pressure transducers and flowmeters. Maximum indicated pressures
were 827 kPa (outlet) and 1.17 MPa (inlet). Temperature-rise rate of holder wall
at fuel midplane increased. The inlet flow began decelerating steadily for 60 ms
without reversing. The outlet flow rate began rising in an 80-ms-wide peak,
reaching three times the initial value.

	

6.73	 Events in the fuel region after this time were not detected by the outlet pressure
transducer, due to voiding and blockage of the channels near the top of the fuel
column.
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6.86

6.90

6.94

6.97-7.01

A small event caused weak pressure pulses at the inlet (only) and gradually
accelerated the outlet flow. Thermocouple on the pin-holder wall at the fuel mid-
plane began behaving abnormally, suggesting wall melting.

Holder-wall thermocouple at the top of the fuel indicated boiling sodium. Inlet
thermocouple was melted by molten steel or hot fuel, possibly not at its tip. Outlet
thermocouple began cooling.

Inlet flow stopped for the first time. Coolant was strongly expelled through the
outlet. No accompanying pressure pulses occurred.

Reactor power peaked.

Pin-holder thermocouple indicated melting of holder wall at top of fuel column.
Pin-holder thermocouple at the fuel midplane on the side facing the pump indicated
1239 K sodium (200-kPa sat temp)

7.03	 Probable additional pin failure(s) occurred, with rapid flow reversal and pressure
pulses reaching 1.10 MPa at inlet. No outlet flow or pressure pulses were
recorded. Erratic behavior of all pin-holder thermocouples began.

7.08-7.17 Fuel region continued voiding. Momentary abnormal signal from inlet thermo-
couple possibly indicated passage of hot fuel. Pin-holder thermocouple on the
colder side at the fuel midplane melted. Fuel region began refilling from the inlet.

7.177	 A very strong event caused expulsion of coolant out of the inlet, with a 6.895-MPa
leading pressure pulse indicated. The peak expulsion rate was greater than twice
the initial positive flow. The entire fuel region voided within 0.07 s. The outlet
flow was nearly unaffected. Pin-holder thermocouples on the hotter side at the top
of the fuel and at the fuel midplane melted.

7.25	 Fuel region began refilling from inlet. Other inlet thermocouple melted, probably
above its tip.

	

7.3-7.6	 Mild flow reversals at inlet occurred every 0.1 s with decreasing strength. Rapid
cooling of TC9 at loop upper bend was halted, and the thermocouple was heated
slightly before beginning slow cooling. Cooling rate of outlet thermocouples
decreased.

7.6-9.0

9.0-12.0
Inlet flow steadied to 10% of its initial value. Outlet flow oscillated slowly.

Flow oscillations at 5.3 s recorded by inlet and loop-plenum flowmeters. probably
caused by the coolant falling from the loop plenum and oscillating between gas
trapped in the fuel region and the plenum gas space.
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G. Test H5

Test H5 was performed to study
the behavior during failure of a fuel pin
subjected to a simulated 50 ci/s overpower
accident. The test pins and hardware
were identical in type to those used in
H3, except that the steel outer tube sur-
rounding the H3 fluted pin holder was
replaced by an annulus of helium, thereby
making the holder wall essentially adia-
batic. (In addition, five of the six periph-
eral pins used in H5 had been subjected
to the H3 transient, resulting only in
central void formation. The extent to
which the radial redistribution of fuel
in these pins altered the pin-to-pin flux
distribution, or their failure characteris-
tics compared to completely fresh pins,
is uncertain.) The power transient for
H5 (see Fig. 37) had a lower preheat
level than H3 and a more representative
power excursion. The reactor scram
was programmed to occur just after
initial (central pin) failure was expected.
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The test data (see Fig. 38) show
that failure was first indicated at about

8.01 s. At 100 ms before failure, the signal from the outlet flowmeter unex-
plainedly decreased by 30% and remained at the reduced level for 60 ms before
pin failure. Radiographic evidence (see Appendix D) and hodoscope data indi-
cate that fuel was lost from both the central pin and the peripheral pins, but
that most of the fuel remained within the pins. Destruction of the pin geometry
was not extensive. Of the fuel that left the pins, some was carried upward and
out of the original fuel region, but most appears to have lodged near the prob-
able point of failure, about three-fourths of the way up the fuel column. Fuel
and cladding debris blocking the flow channels allowed only -45% of the initial
flowrate at the pretest pump-current setting. No violent molten-fuel/coolant
interaction (MFCI) occurred; the maximum pressure recorded at the time of
initial failure was 1.59 MPa.

Based on the pressure, flow, and hodoscope data, failure of and fuel
movement from the central pin probably caused the first coolant anomaly.
The hodoscope data alone show that fuel movement from the hottest peripheral
pin began about 70 ms later, at the time of peak reactor power and concurrently
with further coolant flow and pressure events. Thus, apparently not all the
original fuel region was voided of coolant at that time. (The time behavior of
voiding during the test cannot be determined with certainty due to malfunction
of the inlet flowmeter.) The fluted tube (0.89-mm wall) was breached 0.1-0.2 s
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after failure of the hottest peripheral pin adjacent to the probable location of
the pin failure. Little, if any, fuel reached the loop wall.

The measured temperature history of coolant at the outlet is shown as
the solid curve in Fig. 37. Calculated histories for coolant temperature at
the top of the fuel (hottest axial location) and at the outlet are also given.
[All H5 calculations are based on an inlet coolant temperature history scaled
from the measured coolant temperatures in the similar Test H3. Inlet-
temperature signals recorded during Test H5 were distorted by pickup from
an adjacent signal channel (a redundant outlet thermocouple).] The coolant in
the fuel region was always at least 167 K below saturation before pin failure,
at the estimated loop pressure of 210 kPa.

Figures 39 and 40 show the calculated thermal conditions in the central
and hottest peripheral pins at the axial location of the peak energy retained
in the fuel (relative fuel-column height of 0.7). Conditions at the axial mid-
plane were only slightly, e.g., ~283 K and 8 J/g, below those shown.
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Fig. 39. Thermal History of Central Pin for Test H5
(c = columnar; e = equiaxed; u = unrestructured).



4000

2000

FUEL TEMPERATURES
HOTTEST SIDE OF PIN

R/Ro
0.0

075
095

80 •
scas5.

tse
4050

200>
u..

0

FRACTION
ABOVE SOLIDUS
(PIN AVERAGE)

3500

3000
u.r

Sic 2500

fr 2000
LUo.
2 1500
LU

1000

500

0 1
FAILURE

PEAK FUEL ENERGY
(RADIAL LY- AV ERAGED)

1500

54

GENERATED

500

RETAINED

5	 6	 7	 a
TIME,

Fig. 40. Thermal History of Hottest Peripheral Pin for Test H5

At initial pin failure, about 25% of the fuel area was above the solidus.
Measurements of the radial variation of the retained fission-gas concentration
in a sibling PNL-17 irradiated pin showed that the gas density is low in the
center within a radius enclosing -30% of the fuel, but rapidly increases beyond
that radius. Thus, central-pin failure in H5 apparently occurred as fuel con-
taining an appreciable quantity of gas approached the solidus and released its
gas.

Table X gives a scenario of events for Test H5, summarizing our
understanding of the test data.

H. Test E6

Like Tests H3 and H5, Test E6 was performed using one central irradi-
ated pin and six fresh peripheral pins. In contrast, the irradiated pin was
from the NUMEC-F subassembly and had a distinct high-power microstructure.
The peripheral pins were identical to those used in the previous s even-pin tests.



An H5-type "adiabatic" fuel holder was used. The power transient, shown in
Fig. 41, was designed to simulate a 3 $/s ramp reactivity insertion following
the preheat phase. Values of fission energy and fuel enthalpy are also shown
in Fig. 41 for the central pin and the hottest edge pin. In this graph the values
plotted are the maximum value along the pin axis of the radially and azimuthally
averaged energy and enthalpy.

The flow and pressure transients derived from the data from Test E6
are plotted in Fig. 42. Only the inlet pressure has been plotted, since no
pulses were observed at the outlet. Figure 43 shows the apparent motion of
the interfaces between liquid and void derived from integration of the flow-
meter data. Figure 44 shows the apparent void volume. The posttest neutron
radiograph is shown in Appendix D.

TABLE X. Summary Scenario for Test H5

TREAT Time, s	 Event and Evidence
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0.0

3.1

6.1

7.3

7.75

8.01

8.01-8.15

8.20-8.30

8.40-8.70

8.90

9.40-9.50

9.55-10.05

10.1-10.5

10.5-10.7

Transient initiation.

Preheat power level attained.

Preheat ends; power transient begins.

Melting is calculated to begin in hottest peripheral pin.

Melting is calculated to begin in central pin; 0.40 areal fraction above solidus
in hottest peripheral pin.

First indications of failure; sharp rise in both pressure transducers, upper
flowmeter, and all thermocouples in the vicinity of the pin.

Major flow and pressure events; series of pressure pulses of -690 kPa spaced
at -20-ms intervals cause flow accelerations through the upper flowmeter and
probable partial voiding of the fueled region.

Fluted tube breach; a. boiling sodium contacts thermocouple between walls of
fluted tube at 8.21 s; b. flow stops at upper flowmeter; c. outlet thermo-
couples cool as hot sodium and fuel diverted to outside of fluted tube.

Upward flow acceleration; a. small sharp rise in flow through test-section
outlet as space around fluted tube is filled; b. upward flow through outlet,
peaking at 8.60 s; c. inlet TC fails at 8.57 s; one outlet TC begins cooling;
d. TC between walls fails at 8.69 s; other outlet TC's begin cooling; e. outlet
flow ceases at 8.7 s.

First indication of possible downward flow at outlet.

No outlet flow.
Additional possible downward flow pulses at outlet; marked rises in outputs of -
outlet TC's at -9.7 and -10.0 s.

Little or no flow through outlet.

Upward flow through outlet; one outlet TC reaches a broad temperature peak
near the sodium saturation temperature; all outlet thermocouples begin final
cooling.
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Three failure-related events are apparent in the pressure and flow data
(see Fig. 42) at 9.177, 9.205, and 9.258 s. Conditions at the first failure event
are such that failure of one or more peripheral pins, as well as failure of the
central pin, appears likely. Interpretation of the events surrounding failure
is uncertain. This uncertainty is compounded by the lack of hodoscope results
and posttest examination. In its general features, the flowmeter response to
initial failure appears to be a rough superposition of fission-gas release (as
characterized by the E7 data) and fuel release (such as that occurring in H2 or
E4). This observation leads one to believe that both gas and fuel may have
been released in the initial failure. Simultaneous release of fuel and gas from
the central pin is possible, but gas release from the central pin and fuel re-
lease from a peripheral pin are believed more likely. The later events may
be failure of other pins or fuel release from already failed pins.

At 9.36 s (180 ms after
failure), sodium-vapor tempera-
tures were measured by the inlet
thermocouple for about 150 ms
before thermocouple failure.
Inlet-flow data and the position of
the lower liquid-vapor interface
during this time suggest that the
presence of hot debris at the inlet,
rather than of vapor from the
mixing zone, would account for
the observed inlet temperatures.
Posttest metallographic examina-
tions have not been performed,
and the nature of an inlet blockage,
if one exists, is not known. Flow
blockage is clearly indicated in
the flow data, but its location is
uncertain.

Thermal-hydraulic calcula-
tions for this test were made in

two stages since the code used
assumes identical geometry for
all seven fuel pins. The first cal-
culation best describes the central
irradiated pin with a central void;
the second best describes the solid
fresh edge pins. Results of the
calculation for the central pin are

6.0	 7.0	 8.0 8. 8.6	 8.8	 9.0	 92	 shown in Figs. 45 and 46.
E6 TEST TIME,.

Areal melt fr actions for
Fig. 45. Thermal History of Test E6 (C - columnar; 	 the edge and central pins are

E 7 equiaxed; U = unrestructured)	 shown in the lower portion of
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Fig. 46. Thermal—Mechanical History of Central Pin
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Fig. 45. All temperatures and melt
fractions are at the central axial
nodes of the fuel column. At the
end of the preheat period, the top
of the fuel column is the hottest
node, but at the time of failure, the
hottest point has moved downwards,
since the axial power distribution
had its power maximum at the
center of the fuel column. Peak
temperatures of the hottest edge
pin are also shown in Fig. 45.

Calculated cladding tem-
peratures for the hottest edge pin
into the hottest flow channel are
-110 K higher than the central-pin
results shown in Fig. 45. Pre-
failure boiling is most likely asso-

gion from the top of the fuel column.
The strain calculations shown in
Fig. 46 are for this axial mode.
Corresponding fuel and cladding
temperatures are also shown.
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Initial cladding failure at 9.177 s (assuming nearly simultaneous
failure of the central pin to release fission gas, and an edge pin to release
fuel) occurs at an inelastic strain of 0.7% and a cladding temperature of
1216 K. At this time, melting has progressed well into the unrestructured
region of the fuel pin. If we assume the fission-product gas to be in thermo-
dynamic equilibrium with the edge of the fuel pellets (-2590 K), the estimated
gas pressure at failure is 12.2 MPa, that is, about half of the total calculated
contact pressure at failure.

Neither hodoscope nor posttest-examination results are available and
the failure scenario, listed in Table XI, is based on flow and pressure data.
The posttest neutron radiograph, shown in Appendix D, indicates a more ex-
tensive upward fuel sweepout than evident in either Test H5 or E7. Although
the flow data indicate a flow blockage, neither its location nor its nature can
be determined from the radiograph.



I. Test E7

Test E7 is the only Fuel Dynamics TOP experiment to be conducted
with seven irradiated fuel pins. Like Test E6, the irradiated pins were from
the NUMEC-F subassembly and had a higher-power microstructure. The
power transient simulated a 3 $/s ramp-reactivity-addition accident; the
reactor power and fuel enthalpy transients are shown in Fig. 47.

Flow data are shown in Fig. 48. There were no recorded pressure
pulses during the test, and the time of initial failure is identified by departure
of the flows from steady-state conditions. Beginning at 7.45 s, the inlet flow
gradually decelerated to zero in 100 ms and then reversed direction. Reverse

TABLE XI. Summary Scenario for Test E6
(Hodoscope data not included)

TREAT Time, s	 Event and Evidence

9.110	 Surface boiling begins

Peak cladding temperature: -1100 K
Central pin 63 areal % above solidus temperature
Edge pins 80 areal % above solidus temperature
Vapor-production rate: 5.4 x 10 4 mm3/s
Fuel enthalpy rate of change near maximum: 3180 J/g.s
Fuel enthalpy: 1190 J/g for edge pin; 988 J/g for central pin

9.177	 Cladding rip or rupture; fission-gas release

Cladding temperature > 1350 K
TREAT power decreasing, pin temperature equilibrating
Gas-release rate: 2.2 x 10 -3 m3/s; vapor volume: --3.5 x 10 3 mm3
Unre structured region -50% molten
Peak edge fuel temperature: -4150 K
Pin-gas pressure estimated to be 11.1 to 12.7 MPa
Fuel enthalpy: 1490 J/g edge pin; 1210 J/g central pin

9.182	 First fuel release

Vapor + fission-gas volume in flow channel: -6.8 x 103 mm3
Fuel enthalpy: 1500 J/g for edge pin
Upper slug ejection: peak velocity: 13.65 m/s

acceleration time: 0.004 s
force (sodium mass of -118 g)
= 230 N

Inlet flow abruptly stopped by mixing-zone pressure; possible
partial inlet blockage

No reentry from top (negative outlet flow), continuous positive
outlet flow, continuous gas release, and/or vapor production

9.205	 Second fuel release

Flow channel above initial fuel-release point completely voided
Fuel enthalpy: 1550 J/g edge pin; -1320 J/g central pin

9.258	 Third fuel release

Fuel enthalpy near maximum (-1610 J/g)
Areal melt fraction maximum (80% edge pins, 76% central pin)
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inlet flow continued for the next 300 ms, with volume flows varying from
-2.25 x 10 -4 to 6.40 x 10 -4 m3/s. There is a corresponding mild expulsion of
outlet flow during the 50 ms after failure followed by a larger ejection during
the next 70 ms. After this ejection, the outlet flow slowly decreased to zero.
A final positive inlet-flow surge beginning at 7.83 s terminated all flow activity.

The time-integrated flows past the upper and lower flowmeters are
shown in Fig. 49 and the apparent void volume in Fig. 50. The initial void is
believed to result from gas release from the fuel pin through a pin-hold crack,
possibly along a grain boundary in the cladding, since other possibilities do
not seem reasonable. Other possibilities include swelling or blistering of the
cladding and coolant expansion by heating or boiling. However, cladding ex-
pansion before rupture or burst of about 5% in radius would account for less
than 1000 mm3 of volume change, and cladding blisters without rupture that
account for more than a fraction of 1000 mm 3 of the apparent void do not seem
reasonable. Thus, gas release seems most probable.

In the initial stages, void growth was nearly linear (7.45-7.49 s), then
tapered off to a lower rate. At about 7.51 s, an exponential growth began,
having a period of about 40 ms, and lasted until about 7.58 s. Apparently,
the initial failure remained isolated until 7.51 s, at which time the failure
became larger, or more pins failed.

Since the initial failure appeared to result in gas release, it does not
appear correct to interpret the data in Fig. 49 directly in terms of interface
motion. The estimated interface motion is shown in Fig. 51. This graph was
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Fig. 50. Void Volume for Test E7
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constructed by assuming that the indicated void volume existed in a region
downstream of the initial failure point (taken to be at the top of the fuel column)
until flow reversal was indicated at the inlet. Not until this time (7.551 s) did
the vapor-liquid interface move downward from the initial point of gas release.
Some of the first gas bubbles to be released arrived at the upper flow detector
within about 85 ms (as evidenced by the momentary drop in outlet flow begin-
ning at 7.535 s). In this case, there was no well-defined gas-liquid interface
as usually defined by the integrated flows.

The posttest radiograph of the stripped loop (see Appendix D) shows
that all fuel in the central 50-mm region of the fuel column had been voided.
This region was not vapor- or gas-blanketed until after 7.62 s, suggesting
little or no fuel movement from the axial center at this time. Destruction of
the fuel pins was much more extensive than in other seven-pin cluster tests.

Hodoscope data showed a linear depletion of fuel from the central re-
gion of the cluster beginning at 7.75 ± 0.03 s. The loss was gradual, almost
imperceptible above fluctuations during the transient. Total motion lasted
several seconds and ultimately reached a magnitude sufficient to void fully
the central axial section of the cluster. Note that by the time the hodoscope
first "sees" fuel movement, all major flow activity (except for a final inlet
reentry at 7.85 s) was essentially complete and the flow channel completely
voided.

Upward driving forces for fuel movement may include sodium, steel,
or fuel vapor and release of retained fission gases, since most the fission
gas initially retained in the fuel pin had been released relatively early in the
transient. From the calculated peak temperatures at the time of the second
gas release (7.51 s), fuel-vapor pressures were of the order of 1 MPa. Pres-
sures in excess of several 10.1 MPa were possible at the time of final fuel
movements, but the fuel-temperature calculations on which these pressure
estimates were made are not very reliable.

An estimate based on adiabatic heating from 7.6 to 7.7 s yielded a tem-
perature increase of 1400 K and a fuel vapor pressure of 7.1 MPa. Evidence
of continuous gas release and sodium-vapor generation after the initial gas
release is based on the complete absence of any reentry from the inlet. At
the time of final fuel movement, about 3 x 10 4 mm3 of liquid did reenter from
the bottom, but the absence of reejection and an associated pressure pulse
would indicate that this reentry reflected vapor-bubble collapse near the inlet
or holder-wall rupture.

Posttest metallographic examinations have not yet begun, but a prelim-
inary gamma scan of the lower bend region of the loop indicates the potential
presence of significant quantities of fuel in this region. If this is fuel that
was swept out with the flow stream, it must have occurred as late as 300-
500 ms after the failure accompanied by gas release. After this time, there
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was no measurable flow; before this time, no fuel motion was observed by the
hodoscope. It is not possible to identify which pin failed first nor when fuel
was first released into the coolant channel. Clearly, something like a very
mild interaction occurred at 7.79 s that led to a substantial inlet reentry at
7.83 s. Considerable fuel release probably occurred as early as 7.55 s, but,
because of extensive flow-channel voiding and possible holder-wall rupture,
the characteristic slug ejections and pressure pulses were not produced.

Results of the thermal-hydraulic calculations are shown in Fig. 52 for
the central pin and in Fig. 53 for the hottest edge pin. At the time of the
initial pinhole leak (7.45 s), the inner columnar region of the central pin was
approaching the solidus temperature, the peak cladding temperature was

1005 K, the fission-gas pres-
sure inside the cladding was
- 6.6 MPa (of the total 54.7-MPa
contact pressure), and the
average cladding strain was
-1.2%. Although strain calcu-
lations have not been made for
the edge pins, the hottest pin
was -62% molten, and the un-
restructured region approached
the solidus temperature.
Despite the lower cladding
temperature (866.5 K), the
hottest edge pin was probably
the first to rupture. A similar
condition existed for the cen-
tral pin at 7.57 s, and it may
have ruptured at 7.58 s.

By 7.55 s, the edge pin
was 80% above the liquidus
and very possibly released
fuel into the flow channel.
The event at 7.79 s, identified
as fuel release, may have been
a substantial release of fuel
from the flow channel into the
loop sodium and could account
for fuel believed to be deposited
in the lower bend.

The posttest neutron
radiograph of E7 is shown in
Appendix D. Considerably
more general destruction of
the fuel pins than seen in H5
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or E6 is evident. Some fuel removal beyond the original fuel column is apparent,
but the fuel does not appear to have moved as far as in E6. The locations and
nature of flow blockages are not apparent from the radiograph.

A summary scenario for Test E7 is given in Table XII.

TABLE XII. Summary Scenario for Test E7

TREAT Time, s	 Event and Evidence

	

7.45	 Pinhole rupture developed in hottest edge pin to release 1.5 x 10 4 mm3 (at
pressure and temperature) of fission gas during a 45-ms period. Cladding
temperatures are too low for this to be vapor production.

	

7.50	 A larger rupture, perhaps in the central pin, released -1.2 x 10 -4 m3 of gas
during the next 55 ms.

	

7.55	 Possible small local fuel release into voided region.

	

7. 58	 Lower mixing-zone interface begins to move downward, allowing more
extensive cladding failure.

	

7.62	 Axial center of fuel (hottest mode) becomes vapor-blanketed.

	

7.75	 First indication of fuel motion by hodoscope. Fuel depletion occurs at
center and is very slow, lasting several seconds.

	

7.79	 Entire flow channel voided. Some hot debris released from flow channel into
loop sodium.

	

7.83	 First inlet reentry, characteristic of fuel failure reentry observed in other tests.
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J. Test E3

Test E3 was the first simulation of a severe overpower transient using
preir radiated oxide-fuel pins in the Mark-II loop. The goal of the test was to
obtain an early indication of the severity of events resulting from failure of
preirradiated fuel, particularly the effects of fission gas on fuel fragmentation
and mixing with the coolant. A three-pin cluster of MTR-irradiated UO 2 fuel
pins with short (0.14-m) fuel columns, annealed Type 304 stainless steel clad-
ding, and no axial restraint was used. The initial power level during MTR
irradiation was about 2.5 GW/m 3 (equivalent to -46.6 klAilm in an FTR pin).
The pins therefore developed a high-power structure with a central void along
the full length of the fuel column. Nominal burnup of the test pins was 6 at. %.

The fuel was quite "gassy," with only 23% release of fission gases
from a sibling pin. Estimated initial plenum pressure was 940 kPa. The fuel
holder simulated the hydraulic environment of a larger cluster, but was not
"adiabatic" by design. Since no gas space was present opposite the fuel column,
the environment was "harder" than that of any other test in which failure
occurred. A natural TREAT transient of particularly short period (35 ms) and
high peak power (6500 Mw) was used. The resulting energy generation and
fuel enthalpy at the hottest location are shown in Fig. 54. No thermal-neutron
filter was used in this test.

Flow and pressure data for Test E3 are shown in Fig. 55, and the
integrated flow is shown in Fig. 56. Failure occurred at 0.668 s, as indicated
by sharp pressure pulses and sodium-slug ejections from the flow channel.
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Fig. 54. Power and Energy for Test E3	 Fig. 55. Flows and Pressures for Test E3
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failure within about 25 ms of the first.
possible isolated failure of a third pin
sure data.

The series of outlet pressure pulses
seen in Fig, 55 was probably the
characterist ic response of the pres-
sure transducer to a single sharp
pulse. The maximum growth rate of
void volume was the largest ever
recorded in a loop test, although the
interface velocity (on a one-dimensional
basis) was comparable to that ob-
served in Test E4. Two peaks are
seen in the outlet flow curve (at 0.673
and 0.694 s), which suggests a second

Because of voiding of the test section,
may not be seen in the flow and pres-
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The abrupt nature of the pressure and flow transients implies that
failure of at least one pin was brittle in nature, rather than gradual gas release
believed to be the case in Test E7. The Type 304 cladding of the E3 pins
likely suffered embrittlement during the high- fluence thermal preirradiation.
The pressure spike recorded at the outlet was of the same order of magnitude
as the estimated gas pressure inside the pins, while that at the inlet was some-
what higher. The integrated flows, given in Fig. 56, show that the sodium was
rapidly expelled from the test section after failure and that the test section
remained generally voided with a few subsequent weak reentry-expulsion
events at the top of the test section. Voiding of the fuel region was complete
within about 12 ms of failure. At some time after failure, the flow channel
became completely blocked.

Posttest examination revealed essentially complete removal of fuel
from the fuel-column region. Highly fragmented fuel remains were piled up
against the thermocouple holder located above the fuel pins. This concentra-
tion of fines evidently caused flow blockage, but not until more than two-thirds
of the fuel had escaped into the loop.

Hodoscope results for E3 have a fairly large uncertainty with respect
to beginning of fuel motion, due to the high power level of the transient and
failure before the peak. Fuel motion began within a -30-ms period after
failure, but the time cannot be determined more precisely. Motion out of the
original fuel region was essentially complete in about 100 ms. The character
of the indicated motion is that of gradual fuel removal upwards, rather than
a particular identifiable motion.

Calculated thermal-history data are given in Fig. 57. Note that, while
melting had not yet occurred by 0.668 s, it would begin in another 5 ms. Thus,
melting of fuel likely occurred at about the time at which motion began. The
mechanical history is given in Fig. 58.
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IV. SUMMARY, INTERPRETATIONS, AND COMPARISONS

A. Failure Characterization 

In this section, the character of fuel-pin failure, as apparent from
test results, is discussed. Included is a discussion of the failure criteria,
the location of failure, and the apparent nature of initial failure.

1. Failure Criteria

Accurate prediction of the time and location of fuel-pin failure
during a reactor accident depends upon application of failure criteria derived
from experiments and/or analysis. Several quantities have been suggested
for use as failure criteria, including fuel enthalpy, fuel melt fraction (fraction
having temperature in excess of the solidus temperature for the fuel material),
cladding strain (total or plastic), and fuel-cladding contact pressure. The
threshold values may additionally depend upon the rate of enthalpy increase,
cladding temperature, the rate of increase of cladding temperature, cladding-
strain rate, and fuel microstructure, among others. Basically, the independent
variables treated in the test program are the transient rate and fuel micro-
structure. For a given rate, fresh fuel is thought to have the highest failure
threshold, followed in order by high-power-, intermediate-power-, and low-
power-irradiated fuel.

Table XIII and Figs. 59 and 60 summarize the results of the Mark-II
loop TOP experiments considered in this report. The values of the various
parameters reported are based on COBRA-DEFORM calculations described in
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TABLE XIII. Thermal Conditions in Fuel Dynamics Tests

At Elevation of Maximum Fuel Enthalpy
Permanent Fuel-cladding

Rate of Rise of Rate of Rise of
Clad Midradius

Portion of
Fuel Cross- (Anelastic) Cladding-Strain Contact Pres

Test
Designation

Time for Which
Results

Are Quoted

Pin for Which
Results

Are Quoted

Radial Avg Fuel
Enthalpy (Relative to

Room Temp),
J/gm

Radial Avg Fuel
Enthalpy (Relative to

End of Preheat),
J/gm

Radial Avg Fuel
Enthalpy (Max
prior to Time),

J/gm/s
Cladding Midradius

Temp, K

Temp (Max
prior to Time),

K/s

Max. Bulk
Coolant
Temp, K

sectional Area
at or above

Solidus (Max)

Cladding Strain
(Max or at
Failure)

Rate (Max
prior to Failure),

%,/s

(Max or at Time
and Location of
Failure), MPa

1.3 NAb

El Gross internal
fuel motion

1590 NiAa 5652 1145 2170 730 80 3

(1.32 51
NAa

E2 Failure 1800 NA 9630 1255 3110 730 92 5 3.6

11.055)
NCb NCb

H2 Failure 1190 NA 4522 1140 2090 1070 76 NCb

E4 Failure 1420 NA 6908 1330 4790 1220 100 NCb NCb NCb

74

H3 Max fuel
enthalpy

Central 607 170 380 920 190 950 0 0.45 0.9

(10.6 51

H3 Same
110.6 s)

Hottest
peripheral

795 230 523 895 190 950 40 0 0.07 0

H5 First
anomaly

Central 754 400 419 1005 230 1060 25

(8.01 s)

H5 Same
(8.01 51

Hottest
peripheral

963 565 544 1005 270 1060 55

E6 First
anomaly

Central 1170 775 3140 1095 1170 1230 ao 2.5 11.5 22

(9.18 s)
NAa NAa

E6 Same
(9.18 s)

Hottest
peripheral

1380 921 4229 1120 1280 1230 100 NAa

E7 First
anomaly

Hottest
peripheral

900 461 2970 895 720 960 65 1.5 3.0 46

(7.45 s)

E3 Failure Hottest 942 NA 9797 940 3720 840 0 0.22 8.6 44

(0.668 s)

H4 First
anomaly

Central 795 250 461 990 270 1030 35

(6.96 sl

E4 Same
16.96 s)

Hottest
peripheral

1040 310 494 98)) 220 1010 57

a llot applicable.
bDEFORM calculations not performed due to melting beginning at radius / 0.



Appendix B. Figure 59 gives the calculated fuel enthalpy at failure as a func-
tion of cladding temperature at the time of failure. Values given for tests in
which no failure occurred are the maximum values attained during the transient.
For peripheral pins, the values are averaged circumferentially. Darkened
symbols indicate primary failure, that is, the initial failure occurring in a
test according to the present interpretation. Similar data are given in Fig. 60,
with the rate of increase of fuel enthalpy as the independent variable. This
plot illustrates the rate dependence of results. All data plotted were taken at
the elevation of the maximum radially averaged fuel enthalpy.

a. Fresh Pins. Fresh fuel pins were tested alone in Tests H2,
E4, El, and E2. The former two tests used prototypic fuel; the latter two did
not. Failure resulted in all tests except El. In addition, fresh, prototypic,
peripheral pins were used in cluster Tests H3, H4, H5, and E6. These pins
are not thought to have undergone primary failure, but failed due to failure of
the irradiated central pins. However, data related to these pins are useful in
considerations of failure criteria.

Tests H2 and E4 provide a comparison of the failure thresholds
for identical fresh pins tested in identical geometry at different transient rates.
Additionally, the coolant flow at failure and the coolant temperature differed,
leading to higher cladding temperatures for E4 than for 112. The rate of en-
thalpy increase was substantially greater for E4 than for 112, and the enthalpy
at failure was also substantially higher. Both tests exhibited a high melt frac-
tion at failure (75-100%). Because of the radial power depression in these
pins, melting did not begin at the centerline. The significance of this fact to
the results is not clear, but it would probably reduce the failure threshold,
since the temperature of fuel in proximity to the cladding would be higher
than would be the case if melting had started at the centerline.

Both Tests H2 and E4 appear to have produced pin failure
following a period of 40-50 ms during which local boiling was occurring, prob-
ably at the contact point between spacer wire and cladding, where a region of
stagnant sodium may exist. Local loss of cooling may be required for failure
of the type of pin tested in H2 and E4, in which axial movement of molten fuel
appeared to have occurred. So long as cooling by liquid sodium is maintained,
even contact of molten fuel with the inner cladding surface does not appear to
produce failure, since an insulating shell of frozen fuel will form. Presence
of such a shell was seen in the El posttest examination, and also appeared on
the wall of the adiabatic holder from H2 and E4. Axial motion of molten fuel
effectively relieves cladding strain due to fuel-cladding mechanical interaction,
and the gas pressure obtained with fresh fuel is small compared to that ex-
pected in irradiated pins.

The observation that boiling initiation precedes failure by
about the same time in both tests is consistent with the time required for
evaporation of a sodium film, which is a function primarily of the heat-input
rate. A dependence of enthalpy at failure on the rate of increase of enthalpy
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would be expected, reflecting the increase of fuel enthalpy during the dryout
time. However, little correlation with average cladding temperature or bulk
coolant temperature would be expected. It would also appear that very high
melt fractions could be sustained at failure, so that melt fraction would not
necessarily be a good predictor of failure.

Relative to Tests H2 and E4, Tests El and E2 subjected the
fuel pins to higher enthalpies, but failure was realized only in E2. This re-
sult probably is illustrative of the effect of axial restraint on failure threshold.
The mechanism of failure in E2 is not as clearly identified as that in H2 and
E4, although posttest examination showed evidence of cladding melting under
the spacer wire, which is consistent with the results for Tests 112 and E4.
Because of the low temperatures of the bulk sodium and the high sodium vol-
ume, boiling cannot be identified in the flow data, and calculations are not
sufficiently detailed to identify an inception.

Other data points for fresh fuel pins are plotted in Figs. 59
and 60, representing the conditions calculated for the hottest peripheral pins
in Tests H3, H4, H5, and E6 at the time of failure for the test in question (or
most severe conditions in H3). The points are plotted as "nonfailure" points,
because failure probably occurred in the central, preir radiated pins first.
The point for Test E6 is of particular interest because of the very high en-
thalpy and melt fraction calculated. In this case, failure of the peripheral pin
probably occurred essentially coincidentally with that of the central pin. The
fact that failure did not occur before attainment of the indicated conditions is
testimony to the high resistance to failure of fresh fuel so long as cooling of
the cladding is maintained.

On the other hand, damage to the peripheral pins in H4 and
H5 occurred, in spite of the less severe conditions attained at the time of
initial failure. In these cases, failure of the central, preir radiated pin prob-
ably caused a cooling loss which led to failure of the peripheral pins. There-
fore, these points should be regarded as "no-failure" points.

b. Irradiated Pins. It is of interest to compare the conditions
at failure in fresh-fuel tests with those in tests including irradiated fuel. Since
Tests H2, E4, and E2 were performed using "natural" TREAT transients,
direct one-to-one comparison with later Tests H4, H5, E6, and E7 involves
some uncertainty. In general terms, the failure threshold can be compared,
bearing in mind that some transient shape effect may be operative. Table XILI
indicates that the initial failure in Test H5 occurred with a melt fraction in
the central preirradiated pin that was substantially lower than that in the hot-
test fresh peripheral pin and that at failure in H2 and E4. Likewise, the fuel
enthalpy is lower. Thus, the relative failure thresholds postulated for fresh
and low-power preirradiated fuel are qualitatively verified. The results of
H5 suggest a failure threshold based on a fuel-melting front advancing to fuel
containing large amounts of fission-product gas. Based on the sibling-pin data
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given in Fig. 4, there apparently is a marked increase in gas content of the
PNL-17 pins at about the half-radius or slightly beyond. The calculated melt-
ing front in the H5 central pin had advanced to about this radius when failure
occurred.

Preliminary results of Test H4 indicate a failure threshold
that is close to that of H5 in terms of fuel enthalpy, cladding temperature, and
thermal rates. The calculated melt fraction is only slightly higher. Thus, for
a given ramp rate, only a very small difference between high-power (H4) and
low-power (H5) fuel is indicated. The difference is probably not significant
in view of the uncertainties in the calculations. Failure in H4 is indicated
with a melt radius bearing about the same relation to the inner boundary of
high-gas-content fuel as is apparent in H5. Thus, failure in H4 appears to
have occurred about as would be expected from H5 results.

By contrast, indication of pin failure in E6 came at a fuel
enthalpy about 50% higher than that indicated in either H4 or H5. The fuel
melt fraction was also considerably higher. A considerable ramp-rate effect
on failure of high-power fuel is implied. In fact, one sees by comparison of
the results of Tests E6 and H2 (Figs. 59 and 60) that high-power irradiated
fuel can sustain as high an energy at failure as fresh fuel under some con-
ditions. Note that coolant boiling before failure is a distinct possibility in
Test E6, as well as in E4 and H2, with the implication that the mechanism of
failure may be common to the three tests.

Failure in E6 appears to have occurred with the melt front
well into the zone of high gas content. Since release of gas from fuel and
resultant pressurization of the cladding may have some time-dependent as-
pects, it is consistent that melting could progress further in the rapid E6 tran-
sient than in the much slower H4 transient before the loading of the cladding
could cause failure. In fact, the basic failure mechanism in E6 was probably
a meltthrough rather than a pressure-induced failure.

Test E7 is the only TOP test run using seven preirradiated
fuel pins. All were high-power pins similar to that usedinE6; the transient was
also similar to that of E6. Initial failure in E7 occurred at a slightly lower
enthalpy and melt fraction than was observed in E6. If it be presumed that
failure occurred in the hottest peripheral pin first, the failure enthalpy in E7
was about 85% of that of the central pin in E6. The extent of melting was
likewise less in E7 than in E6, but melting still extended into the fuel having
high gas concentration. In general, both E6 and E7 indicate a failure threshold
for high-power-irradiated fuel that is intermediate between those of fresh and
intermediate-power fuels.

Test E3 exhibited a very low failure threshold. The thermally
irradiated low-enrichment fuel had a high-power structure (central void. co-
lumnar grains, etc.) but a very high gas retention due to reduction in power
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during irradiation. Failure just before melting was observed, with corre-
spondingly low fuel enthalpy. This fuel was probably as representative as
any tested in a loop to date of very low-power irradiated FTR fuel because
of its gas retention.

c. Nonprototypicalities. Caution must be exercised in direct
interpretation of the failure-threshold data, since a number of nonprototypic
conditions existed in each test. In the single-pin tests, the radial power dis-
tribution was such that melting did not begin at the centerline, which intro-
duces an unknown (but probably reducing) effect on the failure threshold. In
addition, the pins tested in H2 and E4 had little axial restraint compared to a
typical reactor pin. Thus, axial motion acting to relieve cladding strain was
more probable than is likely in a reactor pin.

In the seven-pin tests, the power distribution in the central
pin was flatter than was in the single-pin tests, but the distribution in the
peripheral pins was neither uniform radially nor axisymrnetric. Therefore,
the peripheral pins were subject to axisymrnetric temperature distributions.
An azimuthal dependence probably existed in the power distributions for the
central pins, which is not now taken into account. The effect of nonaxisyrn-
metric temperature distributions on failure threshold remains to be investigated.

d. Conclusions. The results of Tests H2, E4, and E2 indicate
that, of all the pins tested, fresh fuel pins can withstand the highest fuel en-
thalpies and cladding temperatures before failure. However, these tests were
run at higher thermal rates than any of the other tests, save E3. For a given
enthalpy rise rate, comparison of the enthalpy at failure between fresh and
irradiated fuel can only be made on the basis of H4 and H5 results. The ir-
radiated pins probably failed first in these tests, but this result is not
conclusive.

Failure of fresh fuel pins appears to follow a period of local
boiling and resultant loss of cooling and meltthrough of cladding. At least for
the higher ramp rates, very large melt fractions can be sustained so long as
cooling is maintained. Due to lack of data on fresh pins at low ramp rates, it
is not clear what rate effect may be operative.

Based on H4 and H5 results, there is no significant difference
in failure threshold between NUMEC-F and PNL-17 pins for low rates of in-
crease of enthalpy and low cladding temperature. At the higher enthalpy rise
rate, both the enthalpy and cladding temperature at failure in E6 exceed the
corresponding values at failure in E7, a result that seems contrary to what
would be expected. Effects not considered here, perhaps involving the clad-
ding, may be operative in the NUMEC-F pins. At present, a mechanism for
failure cannot clearly be identified from the irradiated-pin data.

The limited number of data points herein are not the sole
data base for failure-threshold correlation. Other data from capsule tests
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are also available. A considerable spread in failure-threshold data will
probably appear, especially for irradiated fuel, so that differences like those
between E6 and E7 may not be unrealistic.

2. Location and Nature of Failure

Consideration of the location and nature of cladding failure is
necessary to describe the response of fuel pins to transient reactivity inser-
tion. The location of the failure is of particular importance to modeling of the
reactor accident because of its strong effect on the reactivity feedback from
subsequent fuel motion. The nature of failure as observed in experiments is
the key to correct modeling of failure for a particular type and condition of
fuel pin. Separation of discussion of the nature of failure from that of failure
criteria is somewhat arbitrary.

Information on the location and nature of cladding failure in Fuel
Dynamics experiments is obtained from fast-neutron hodoscope data, posttest
examinations of remains, and posttest neutron radiography, and by inference
from pressure, temperature, and flow measurements. The quality of data
from these various sources is variable from test to test, and in some cases,
no data are currently available.

Hodoscope results normally take the form of an assessment of
fuel motion, so that escape of fuel from the cladding is the effect seen. The
spatial resolution of the data is generally good for single-pin tests (E2, HZ,
and E4), but is less satisfactory for multipin tests in which single-pin effects
tend to be at the lower limit of sensitivity of the instrument.

Both posttest physical examination and neutron radiography pro-
vide information on the final disposition of fuel and cladding. In many cases,
information on the location and nature of failure can be inferred, especially
when substantial parts of the test assembly remain intact. This situation
appears to apply in Tests H5 and E6, for example.

Inference from pressure and flow data is a more uncertain pro-
cess, which must be used when other sources of information are unavailable
or inconclusive. Such inferences have been drawn in connection with several
tests, such as E3 and E7, in which other sources have not provided the requi-
site data.

a. Fresh Pins. Tests HZ and E4 both are thought to have failed
by meltthrough of the cladding at an axial location within about 50 mrn of the
top of the fuel column, based largely on posttest examination results and hodo-
scope data for HZ. Coolant boiling was clearly indicated by loop instruments
and verified by calculation to have started about 40-50 ms before failure in
both tests. In both cases, extensive melting of cladding and fuel occurred
after failure.

76



The other experiment on fresh fuel, E2, also appears to have
failed by meltthrough within about 50 mm of the top of the fuel column. Con-
siderably more intact cladding was found in posttest examination than was
found in either H2 or E4. The cladding showed clear evidence of meltthrough
along the spacer wire in the upper portions of the pin.

In this discussion, failure refers to the initial breach of the
cladding. A considerable difference appears among the three fresh-fuel tests
in the extent of destruction of the pins. In Tests H2 and E4, melting and de-
struction of the cladding were extensive following initial failure, with almost
all the cladding opposite the fuel column destroyed. By contrast, much of the
bottom portion of the cladding was substantially intact following Test E2. The
low bulk coolant temperature and large coolant volume of E2 probably contrib-
uted to cooling the cladding, but voiding of the coolant channel following failure
in 112 and E4 resulted in loss of cooling and more extensive melting.

Failure of fresh fuel by meltthrough is independent of the
bulk coolant temperature at failure, since these temperatures for E2, 112, and
E4 were quite different. Thus, the failure may be triggered by local phenom-
ena, such as boiling behind spacer wires. However, the bulk coolant condi-
tions may well determine the postfailure events to a significant degree. The
indicated failure location agrees with one's intuitive feeling that failure should
occur where the cladding is hottest.

b. Irradiated Pins. Tests H5 and E6 resulted in failures that
left the peripheral (fresh) pins in the seven-pin clusters with substantially
intact cladding over much of their length below the failure point, but with loss
of fuel easily visible in posttest neutron radiographs. We infer that the eleva-
tion at which damage to the peripheral pins is indicated is also the elevation
of failure in the central pin, although the condition of the central pin cannot
be determined with any assurance from the radiographs. The location of
failure appears to be about the same in both tests, 64-140 mm below the top
of the fuel column. The nature of the failures is uncertain.

In E6, the data have been interpreted to mean that the initial
failure was a small leak in the cladding of the central pin, which resulted in
fuel and gas release, the amount of fuel release being uncertain. More ex-
tensive failure ensued due to voiding of the channel by the gas. Recent calcu-
lations, summarized in Sec. III.H, suggest that coolant boiling was present
to some degree in the channels adjoining the central pin before failure. Such
boiling could account for the flow decrease just before failure noted in the
data. However, boiling alone probably could not account for the rapid reversal
of inlet flow without some contribution from gas escape. No hodoscope or
posttest examination data are available at this time, so confirmation of the
above interpretation is lacking.

Data and calculations for Test H5 suggest that failure may be
of the more "normal" sort in which rapid cladding pressurization due to
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fission-gas release leads to rupture of the cladding and release of fuel into
the coolant. (Two equally probable times for the beginning of fuel motion
can be derived from the hodoscope data. The earlier of these times corre-
lates well with the pressure pulses and flow perturbation observed. The later
time does not correlate well with any other signals.) There appears to be a
good correlation between the time of apparent failure (pressure pulses) and
marked flow accelerations and advance of the melting front to the radius at
which the gas content of the fuel shows a marked increase. Radiographs of
Test H5 indicate that the fuel pins may be substantially intact, so that par-
ticularly good posttest examination results are expected.

Based on the similarity in the character of the pressure sig-
nals accompanying failure, the nature of failure in Test H4 appears similar to
that in H5. In both cases, the pressure signals showed a rapid rise, followed
by distinct oscillations. Such behavior suggests that the initial wave seen by
the pressure sensor had a short rise time compared to the natural period of
the sensor system. Such pulses would be associated with an abrupt pressuriza-
tion of the failure zone, either due to fuel-coolant interaction or sudden gas
release. In contrast, the pressure pulses in E6 did not exhibit the same be-
havior, suggesting slower rise times. A slowly rising pressure would be
consistent with introduction of gas into the coolant due to a leak as opposed
to a rupture. Posttest neutron radiographs of Test H4 indicate large-scale
destruction of the pins, so little additional information is expected on the
nature of failure. Similarly, hodoscope results on the location of failure are
not yet available.

Like Test E6, initial failure in Test E7 was probably a small
leak releasing fission gas from the pin into the coolant. The location of this
leak cannot be definitively determined from the experimental data, but it is
thought to have occurred within about 25 mm of the original top of the fuel
column. The initial leak appears to have resulted in an approximately linear
gas-release rate for about 130 ms, followed by an exponentially increasing
release. This suggested failure of additional pins, enlargement of the initial
failure, or release of additional gas from the fuel. Hodoscope data did not
show fuel escape from the pins at the time of gas release, and no pressure
or flow signature of fuel release into coolant was seen. Posttest neutron
radiographs indicated large-scale destruction of the fuel pins; it is therefore
unlikely that posttest examination will yield better information on the failure.

The remaining test in which failure occurred. E3, does not
appear to fit either the H2/E4/E2 or the 1-15/E6/E7 category. The transient
was rapid, and the fuel pins had a "high-power" structure (fully developed
central void) with high gas retention (-75%). Failure occurred abruptly, early
in the transient, just as fuel melting started. Since the Type 304 stainless
steel cladding had been irradiated in a thermal flux, a high degree of embrit-
tlement is probable. The abrupt nature of the failure appears consistent with
a brittle failure, probably simultaneously over essentially the entire length
of the pins.
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c. Nonprototypicalities. Several nonprototypic effects may
influence the nature and location of failure as observed in these tests. The
nature of failure and extent of pin damage will be influenced by the metal-
lurgical condition of the cladding. One would intuitively expect relatively
brittle cladding to exhibit abrupt failure, whereas more ductile cladding would
fail more gradually, perhaps with leakage of gas before a large-scale clad-
ding breach. Most of the pins tested in this program have had prototypic
cladding material and were fast-flux irradiated, but had a low fluence-to-
burnup ratio. The effect of this condition is unknown.

The extent of damage to fuel pins is also influenced by the
coolant temperatures and voiding patterns. Voiding rates in these tests rela-
tive to those in the FTR are discussed below. Especially in H2, E4, and E7,
voiding of the heated zone would tend to proceed more rapidly in the tests
than in a reactor subassembly, so that coolant is removed from more the
heat-transfer surface in the test than in the subassembly. Therefore, more
extensive damage would be expected in these cases. In E2, the large volume
of sodium compared to that of fuel, a nonprototypic condition, would minimize
damage.

With respect to location of failure, it should be recognized
that the pins tested are representative of only a portion of the FTR pin. Initial
failure in the FTR pin will be governed by the minimum failure threshold of
the fuel types present in the particular pin, and will occur at the correspond-
ing location.

d. Conclusions. Based on the results of Tests H2, E4, and E2,
failure of fresh fuel pins appears to result from meltthrough of the cladding
due to boiling and loss of cooling. The location of failure appears to be near
the top of the fuel column. Extensive damage to the test pin occurred in
both H2 and E4, with less extensive damage in E2, probably due to better
cooling. Data related to the peripheral pins in Tests H4, H5, and E6 are
consistent with these conclusions, but are not conclusive because failure of
the irradiated pins is thought to have occurred first.

Failure of irradiated fuel subjected to low enthalpy rise rate
(H4 and H5) appears to be abrupt in nature, implying failure due to cladding
strain rather than a gas leak. Failure in H5 appears to have occurred in the
top quarter of the fuel column. The location in H4 is unknown. By contrast,
the high-thermal-rate tests of high-power fuel (E6 and E7) exhibit more grad-
ual failures, suggesting gas release. Thus, a possible rate effect on nature
of failure is suggested, but more study of the point is needed. Inferences
from available data suggest failure in the top half of the pin in these cases.

B. Fuel Motion

The previous section considered the character of fuel-pin failure;
this section discusses the fuel motion resulting from failure. This motion of
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fuel determines the reactivity course of the accident and the potential for
kinetic-energy generation during the transient. Direct observation of fuel
motion in Fuel Dynamics tests is possible with the fast-neutron hodoscope.
Additional fuel-motion information can be inferred from temperature, pres-
sure, and flow data as well as from posttest radiographs and the results of
metallographic examinations. For convenience, the discussion is divided
into sections on prefailure and postfailure motion.

1. Prefailure Criteria

a. Discussion. Fuel motion within the cladding before pin fail-
ure is possible during accident transients if the conditions are favorable. If
axial expansion occurs, significant reactivity decreases may accompany the
motion, resulting in early accident termination, perhaps before pin failure.
Factors that promote axial fuel motion include thermal expansion and melting
of fuel, pressure due to fuel vapor or gases that move molten or solid fuel,
and lack of mechanical resistances to motion. On the other hand, upward
motion of molten fuel may be retarded by mechanical interaction between fuel
and cladding, and by mechanical restraint due to features of the pin design.

Extensive prefailure axial motion appears to have occurred
in Tests El, H2, and possibly E4. Such motion is clearly indicated in the
hodos cope data for the first two tests. Results of posttest examination are
consistent with prefailure motion in E4, but direct evidence is not available.
No data are available for E2, due to hodoscope difficulties and extensive melt-
ing of the upper portion of the cladding.

The three tests in which axial motion is probable share sev-
eral features. First, each was a fresh fuel pin and attained a very high (- .75-
100%) areal fraction of fuel above solidus. Second, each test had a very rapid
power rise (without preheat) and a substantially uniform axial power distribu-
tion, which led to fairly uniform melting. Third, expansion space for molten
fuel was easily available, and axial inertial restraint was lacking in the pins;
in El, nothing separated the fuel and the plenum, whereas in 112 and E4 only
10 mm of insulator pellets provided separation. None of these conditions
exist in the FTR pins.

Of the remaining tests, none have produced data suggesting
prefailure axial motion. However, in some cases the results are either in-
conclusive or not yet available. In Test H3, no fuel motion was seen by the
hodoscope, either in the PNL-17 preirradiated central pin or in the fresh
peripheral pins. No melting occurred in the central pin, so no motion was
expected; however, up to 40% melting was present in the peripheral pins, so
some motion might be expected. No motion was observed, probably since, in
Test H3 (and succeeding tests as well) the fresh pins had spring-loaded Inconel
reflector rods on top of the insulator pellets that provided inertial restraint
and limited the expansion volume available to the fuel. In addition, the axial
power distribution was not uniform, but was more nearly cosine-shaped, leading
to less melting at the ends of the pins.
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No indications of prefailure movement have been obtained
from the hodoscope data for Tests H5, E6, and E7. Similarly, no data on pre-
failure motion were obtained for Test E3.

b. Conclusions. Prefailure fuel motion occurred in tests of
fresh fuel that involved certain nonprototypic features tending to promote
such motion. Prefailure motion was not observed in tests having preirradi-
ated fuel and more prototypic features, although the results were not completely
conclusive. The present experimental results, therefore, cannot support the
assumption of extensive prefailure axial motion in accident analysis.

2. Postfailure Motion and Final Fuel Disposition

The description of postfailure fuel motion and the final disposi-
tion of fuel is necessary to complete the analysis of the TOP accident. Motion
of fuel from regions of high reactivity worth to regions of lower reactivity
worth is the mechanism by which shutdown of the reactor is postulated to
occur. Permanent subcriticality and coolability of the fuel following the
accident depend upon the final disposition of the fuel.

With few exceptions, Fuel Dynamics experiments have been
planned to produce fuel failure, regardless of the energy input required. Also,
the fuel samples have had essentially uniform structure axially, so that the
failure threshold observed is that of the structure tested. The possibility
exists, therefore, that the samples may be subjected to energy input in ex-
cess of that which would be realized in similar fuel in the reactor accident.
Moreover, the experiments are generally planned with some energy margin
above expected failure. Reference to Sec. III shows that failure occurred in
some cases with significant fractions of the transient energy still remaining
to be generated. Also, failure in all these tests (except E3) occurred with
large melt fractions. Thus, the observed fuel motion is that to be expected
when large amounts of molten fuel are available. No data on prototypic pins
that failed with low melt fraction (such as postulated for true low-power fuel)
are available.

Due to the variety of test geometries and conditions made neces-
sary by fuel pin, test vehicle, and facility availability, it is difficult to establish
qualitative trends in fuel-motion behavior. However, certain features can be
identified. A result common to all tests performed thus far in which failure
occurred is the formation of a flow blockage at some point in the transient.
Only in Tests H2 and H5 was significant flow rate obtained after the test, and
even in these cases, only about half the initial flow was possible. Varying
degrees of fuel removal from the original fuel region of the test have been
observed. In general, the fuel was removed from the original fuel column
onto the holder walls, with significant amounts entering into the region im-
mediately above; but to date, evidence exists only in two cases (E2 and E3),
supporting removal of a substantial amount of fuel beyond the pin bundle into
the loop. A preliminary gamma scan of the lower bend suggests some fuel
escape in Test E7.
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a. Fresh Fuel. Fresh-fuel Tests 112 and E4 had identical
geometry and differed primarily in the heating rates realized. Boiling oc-
curred before failure in both tests, but E4 had a higher melt fraction at failure
than did 112. The pins had reached their maximum melt fraction in both cases.
The flow and pressure data were similar for both tests, as was the posttest
condition of the test section. Careful analysis of the hodoscope data for 112
suggests that the initial fuel movement was an upward flow inside the cladding
that began as early as 150 ms before failure. Observed fuel removal from
the pin occurred in a linear (with time) manner and existed for as long as
about 40 ms following failure. This fuel loss occurred initially in the upper
third of the pin, was primarily upward in direction, and amounted to -10% of

the total fuel inventory.

Following initial cladding failure, available data could be
interpreted as reflecting a general pin failure, spreading from the top to the
bottom, with fuel motion essentially radially and with little evidence of further
axial motion. The entire postfailure fuel release lasted for 30-40 ms. Appar-
ently, the fuel froze on the wall of the "adiabatic" holder. Note that the coolant
had been effectively voided from the channel before large-scale failure, so
that no FCI or hydraulic sweeping of fuel could occur after the initial release.
Indeed, no measurable quantity of fuel fines were recovered from the loop
sodium. The fuel that did escape from the fuel region plated out on the plenum
structure and did not get out into the loop.

No hodoscope data were obtained for E4, but the other evidence
suggests a behavior similar to that of H2. One difference is that failure in E4
resulted in porous fuel-clad plugs several inches long at both ends of the fuel
column, with essentially no fuel movement beyond these plugs, except within
the cladding (which was probably prefailure movement). Much shorter plugs,
especially at the inlet and of the same general composition, were found in 112,
suggesting that the higher rate (or total energy) produced more extensive clad-
ding melting and motion coincident with initial failure that prevented measur-
able amounts of fuel escape from the flow channel.

Compared to Tests H2 and E4, the third fresh-fuel-failure
test, E2, had a higher enthalpy rise rate. It did, however, have a very low
bulk coolant temperature due to the presence of six dummy pins surrounding
the single fuel-bearing pin. Hodoscope data were not available to give a com-
plete picture of fuel motion, but the posttest examination indicated extensive
removal of fuel from the pin and extensive removal of the fuel out into the
loop. Fuel fines were found throughout the loop, with about 27% of the original
fuel inventory found in the loop cleanup. The flow blockage that resulted was
principally made up of fines packed in the coolant channels several inches
downstream from the apparent site of failure. A similar packing, but less
extensive in amount, was noted in 112, and even less in E4.

The geometric parameters given in Table XV (later) show
that E2 had the lowest ratio of fuel cross-sectional area to flow area and the
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largest hydraulic diameter of any test. It would seem that these parameters,
as well as heating rate, reflect favorable conditions for hydraulic sweepout
of fuel. Likewise, the presence of cold coolant compared to H2 and E4 could
suggest greater capability for sweepout. In fact, E2 did show a greater sweep-
out than any other fresh-pin test, but eventual plugging was not avoided.

b. Irradiated Fuel. Results from tests of irradiated fuel are
not so easily compared, since geometrical, fuel-type, and rate differences
exist among all the tests for which results are available. The qualitative fea-
tures of the fuel motion in H5 and E6, as ascertained from radiographs, are
similar, differing largely in degree. The results of E7 and E3 likewise bear
some similarity, but are also quite different in respect to their flow dynamics
at failure. Also, their behavior differs markedly from that of H5 and E6.

In Tests H5 and E6, one irradiated pin was surrounded by
six fresh peripheral pins. In H5, failure of the central pin appears to have
occurred first, with failure of the peripheral pins following, whereas simul-
taneous failure may have occurred in E6. Radiographic and hodoscope evi-
dence from H5 indicates removal of fuel from the central pin. This movement
started at a time coincident with the first pressure pulse and proceeded ir-
regularly, as if in response to changing pressures in the channel. Removal
of fuel from peripheral pins occurred somewhat later (-70 ms). The hodoscope
did not show fuel motion past the top of the original fuel region, because of
sensitivity limitations.

Presence of a small amount of fuel in the plenum region of
the pins is indicated in the radiographs. The quantity of this fuel and its source
cannot be determined at this time. Fuel removal from the central pin is sug-
gested by the radiographs of Test E6 as well; however, the extent of fuel motion
into the plenum region was apparently much greater than seen in H5. The data
for E6 suggest that major fuel motion did not occur until 60-70 ms after the
initial failure, but details of the motion are not established. According to
radiographs, in both H5 and E6, the peripheral pins seem to be substantially
intact, with more disturbance evident in E6. These two tests do seem to fit
the general picture of fuel removal from a failed pin and sweepout into the
plenum region without extensive destruction of the pin geometry. However,
at least partial plugging appears in both tests.

Note also that the one irradiated-six-fresh-pin configuration
practically guarantees a different fuel-motion behavior among the pins. Al-
though the central pin may fail and eject fuel in a manner typical of that type
of pin, the resulting void formation will lead to failure of the peripheral pins.
These peripheral pins will have a higher melt fraction than the central pin
and will fail in a different node. Thus, the fuel-motion situation may be quite
different in the test than it would in the reactor, where neighboring pins might
fail at about the same time and in the same manner. The possibility exists
that fuel from the first pin that fails in the test may be swept out through well-
defined channels, with plugging resulting from fuel released from the periph-
eral pins.
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Test E7 is the only TOP experiment run thus far using seven
irradiated fuel pins. Its results are also unlike those of any other test. Rather
than fuel motion being associated with discrete failure of one pin or a few pins,
the motion indicated by the hodoscope involves the entire cluster and does not
begin until some 300 ms after the initial indication of failure. The motion ob-
served was slow and involved a loss of fuel from essentially the entire cluster.
Radiographs suggest a motion of fuel out of most of the cluster, with a concen-
tration straddling the original top of the fuel column and extending about 50 mm
in either direction. A complete fuel void is indicated over about 50 mm at the
original axial niidplane. The reason for the marked difference between the
behavior of E7 and that of other tests is thought to be a large-scale gas release
in E7 leading to voiding of the coolant before fuel motion. Following this void-
ing, the behavior is thought to be like a loss-of-flow accident, with cladding
melting and relocation and finally fuel motion under the impetus of forces due
to fuel or cladding vapor pressure.

Test E3 is the other experiment in which all fuel pins were
irradiated. The fuel motion apparent in this test was not unlike that in E7.
Due to hodoscope difficulties, the picture of fuel motion was not very clear,
but fuel motion probably began within about 30 ms after initial failure and con-
tinued for about 100-130 ms, with fuel removal being complete about 130 ms
after failure. Fuel motion was exclusively upward and involved essentially
the entire cluster, although there was some preferential removal from one
side of the cluster. Fuel removal appears to have occurred well after com-
plete voiding of sodium from the fuel region, so the motion could not be as-
cribed to an FCI. Fuel removal from the original fuel region was complete,
and only about 20% of the fuel failed to escape into the loop. This fuel, along
with some cladding debris, backed up behind the thermocouple positioning
rake and caused a flow blockage.

Due to the highly nonprototypic geometry and pin design of
E3, relating the results of this test to reactor conditions is difficult. It does
suggest that fuel motion need not be tied to an FCI, at least for gassy, irradi-
ated fuel, and that fuel removal can be quite complete under the right circum-
stances. However, a blockage did eventually form, and this behavior seems
typical for these experiments.

c. Conclusions. A feature of the results of the Fuel Dynamics
tests in which failure occurred is at least partial plugging of the flow channels.
In tests of fresh fuel, in which failure occurred with large melt fractions, ex-
tensive sweepout of fuel only occurred with a large excess of coolant relative
to fuel (E2). Plugging followed sweepout. In Tests HZ and E4, with failure into
a limited amount of nearly boiling sodium, sweepout was limited. Some degree
of sweepout occurred in irradiated-fuel Tests 1-14, H5, E6, and E7. possibly
before plugging. Available evidence indicates initial fuel removal from the
central irradiated pin in H5 before motion of fuel from the peripheral pins,
with motion beginning essentially at the time of failure. By contrast, the
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motion in E7 is a more general depletion of fuel from the central portion of
the cluster occurring somewhat after failure. A similar behavior is indicated
for E3.

Overall, motion of fuel is generally away from the center of
the test clusters, with some clear tendency toward upward motion in the
irradiated-fuel tests. Fuel swept out beyond the boundaries of the original
fuel column generally did not move beyond the boundaries of the pin bundle.
Only in Tests E2 and E3 was large-scale fuel motion beyond the pin bundle
indicated, although some removal in E7 is suspected.

Some relationship between the extent of plugging and the
severity of conditions at failure is implied by comparison of the results of
H5 and E6; that is, failure at lower melt fraction (or fuel enthalpy) seems to
result in less complete plugging. However, the relationship between the amount
of molten fuel and the amount of fuel swept out is not known.

C. Fuel-Coolant Interaction

Interest in the general area of fuel-coolant interactions during TOP
accidents arises in two connections. First, if a fuel-coolant interaction could
result in a vapor explosion, a large fractional conversion of energy stored in
the fuel to mechanical work on the coolant and to coolant kinetic energy could
be realized. It is this coolant kinetic energy against which the containment
capability of the primary-system structure must be measured. Second, the
fuel-coolant-interaction pressures play an important role in determining the
rate of flow of molten fuel out of a ruptured pin and the resultant voiding of
the coolant channel. Motion of fuel within the channel is probably related to
motion of the boundaries of the voided region.

An extensive series of both in- and out-of-pile experiments have been
conducted to measure the pressures and energy-transfer aspects of fuel-
coolant interaction. These tests are discussed in Ref. 7. Fuel Dynamics
TOP tests, although not designed specifically to determine FCI-related quan-
tities, do provide some information of interest.

Data related to coolant dynamics and fuel-coolant interactions are
summarized in Table XIV. The second and third columns indicate the pres-
ence of prefailure coolant boiling and the mode of initial pin failure. The
presence of either sodium vapor from boiling or noncondensible gases due
to a gas release from the cladding can greatly reduce pressure buildup and
transmission of pulses, since a compliant volume is introduced. Note that,
although abrupt failure is indicated for Tests H5 and E3, the presence of gas
in the mixing zone is likely in these cases as well.

The next two columns list the maximum pressure values indicated by
the upper (outlet) and lower (inlet) pressure transducers, respectively. The
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transducers are located on the loop, as indicated in Fig. A.2. Neither trans-
ducer measures mixing-zone pressure directly; each is separated from the
probable zone of initial failure by several centimeters of flow path. Attenua-
tion of pressure waves at flow area changes between the pressure source and
the transducer, and attenuation due to gases or vapor will lead to reduced
pressure-pulse amplitudes at the transducers relative to those in the mixing
zone.

TABLE XIV. Quantities Related to Coolant Dynamics and Fuel-Coolant Interactions

Max Measured
Max Calc

Bubble
Pressure Pulses, Max Voiding Pressure, Calc Work

Mode of MPa Rate MPa Done
Prefailure Initial	 Pin

Upper	 Lower 10-3 m 3fsa m/s Upper Lower wa 0/g)Test Boiling Failure

E2 Probably at
spacer wire

Meltthrough 1.38	 2.76 3.050 11 0.689 2.07 85 0.95

H2 Yes Meltthrough 0.689	 Inoperative 1.600 61 1.03 1.03 10 0.15

E4 Yes Meltthrough 2.76	 3.45 3.150 120 6.21 14.48 55 0.85

H5 No Abrupt
mechanical
failure

1.03	 1.72 1.900b 10b 0.689 4ob aoss

E6 Yes Gas release
through
pinhole

None	 1.38 3.000 17 1.38 2.07 80 0.18

E7 No Gas release
through
pinhole

None	 None 2.100 15 1.72 1.03 140: 0.31

E3 No Abrupt
mechanical
failure

3.45	 5.86 9.7504 118 4.48 11.72 1504 34

H4 No Abrupt
mechanical
failure

0.827	 6.895 1.800 10

avoiding rates and work done quoted to nearest 5.0 x 10 -5 m 3/s, and 5 J, respectively.
bUpper slug only; no lower flow data.
cAt end of initial void growth 17.62 O.
dAt time of upper flowmeter voiding.

On the other hand, the transducer system (transducer and NaK-filled
standoff tube) will behave as a mass-spring-dashpot system. If such a sys-
tem is excited by a pulse, it may overshoot by as much as a factor of 2. This
effect operates in the opposite direction to the attenuation effects discussed
above. The conclusion to be drawn is that there is considerable uncertainty
in the relationship of measured pressure amplitude and actual pressure in the
mixing zone. However, this uncertainty probably is of the order of 2-5, not
one of 10 or greater.

The maximum recorded pulses exceeded 3.45 MPa in only two cases,
Tests E3 and H4. In E3, the maximum pulse accompanied the initial failure,
whereas in H4, it was a delayed pulse accompanying a reentry. A smaller
pulse (1.2 MPa) was observed at the time of failure. In the other tests, the
maximum pulses, or pulses of nearly the maximum amplitude, accompanied
the initial failure. In fact, pressure indications are used as markers of
failure. In all cases, the pulses observed at the inlet exceeded those at the
outlet. This result may reflect the pressure rise associated with reversal of
the inlet momentum.
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The next column in Table XIV gives the maximum voiding rates ob-
served in the various tests. All the values, except that for E3, fall in the
same range, with about a factor of two separating the low and the high rates.
Also tabulated are the voiding velocities, indicating the separation rate of
boundaries of a void in the pin bundle occupying the entire flow area. These
values are indices to the relative vigor of the coolant ejection. In terms of
the voiding velocities, three cases stand out: Tests HZ, E4, and E3. These
tests all had high thermal rates and underwent a coherent failure rather than
failure of one pin followed by another, etc., or failure into a large amount of
cold sodium. For E3, the quoted velocity is somewhat artificial, since the
maximum velocity occurs well after voiding of the pin bundle. The results
illustrate the importance of coherent failure on voiding velocity.

The next two columns give the results of calculations of the pressure
at the interface between the expanding mixing zone and the loop sodium based
on one-dimensional, incompressible, isothermal, hydraulics using the loop
geometrical data given in Appendix A and assuming an initial loop-plenum
pressure of 2.4 MPa. Essentially, the pressures represent those values re-
quired to produce the accelerations observed in the flow data. Tests E3 and
E4 stand out in these results, with calculated pressures in the range of
13.80 MPa; the calculated values exceed those measured by a factor of -2 in
E3 and -4 in E4. The significant result is that the estimated pressures do
not exceed about 14.48 MPa. If higher pressures did occur during the tran-
sient, they were not maintained long enough to produce measurable accelerations.

The final column in Table XIV gives the total work done by the expand-
ing mixing zone on the coolant. It is the maximum value of the sum of the work
done in increasing the fluid kinetic energy, overcoming friction and minor
losses, increasing the elevation of the fluid, and overcoming the pump pres-
sure. The value reflects the maximum void size and the rate of growth of the
void, but does not differentiate between work done due to gas expansion and
that due to sodium vaporization. The greatest total work done appears in
Test E3, with a nearly equal value in E7. However, since there was almost
10 times as much fuel in E7 as in E3, the work done per gram of fuel is much
greater in E3. In fact, the work done per gram in E3, 3 J/g, exceeds the next
greatest value by a factor of about 3. Compared to the energy at failure, in
E3 the indicated work done represents an energy conversion of something less
than 0.5%. Values for other tests are lower.

On the basis of the observations and calculations discussed in the
previous paragraphs, we can conclude that the highly energetic sort of fuel-
coolant interactions in which the thermodynamic limit of energy conversion
is approached did not occur in any of the Fuel Dynamics TOP tests, and that
the pressures produced did not approach the critical pressure of sodium.
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V. RELATION OF TESTS TO THE FTR

A. Fuel Pins

The fuel pins used in most Fuel Dynamics tests are prototypic of
FTR pins in some respects, but differ markedly in others. Clearly, the fuel
pins used in early Tests El, E2, and E3 are very nonprototypic of the FTR
pins, since the fuel material was UO 2 instead of mixed oxide and the cladding
material was Type 304 stainless steel. Mixed-oxide fuel with Type 316 stain-
less steel cladding, 20% cold-worked was used in the other TOP tests, and
was prototypic in these respects.

All pins tested had fuel-column lengths of 0.343 m or shorter, com-
pared to the 0.91-m-long FTR fuel col-Limn. The shorter length was dictated
by the length of the EBR-II core, in which pins used in the Fuel Dynamics
program have been irradiated. A contributing factor is the overall capacity
of the Mark-IA loop for pin length. Because of the short fuel-column length
and the relatively flat axial power distribution of EBR-LI, the irradiated fuel
pins used in Fuel Dynamics tests had a microstructure that was essentially
uniform over the length of the fuel. By contrast, FTR pins will typically have
a gradation in microstructure from the ends toward the midplane. Likewise,
the short length means that one cannot duplicate either the axial temperature
gradient or the sodium temperature rise across the fuel column. These con-
ditions mean that a given test can only produce conditions representative of
one segment of the FTR fuel pin. As shown in Sec. ILF above, a reasonable
match was obtained for core-centerline conditions in the later tests using
shaped transients.

In the absence of data on full-length fuel pins with graded microstruc-
tures typical of the FTR, it is necessary to apply data from tests of short pins,
each having a particular microstructure, to determination of failure in the
FTR pin on a region-by-region basis.

All mixed-oxide pins tested thus far have had uranium enrichment
greater than natural. For fresh fuel pins, this fact probably makes little dif-
ference, but for irradiated pins, a low cladding-fluence-to-burnup ratio results.
This effect cannot be quantified from available data, since burnup and fluence
were not investigated in the Fuel Dynamics program. All the fresh pins tested
have been "green" (except for the peripheral pins reused in H5 after H3). That
is, they were used as-fabricated with no exposure to irradiation before tran-
sient testing. Again it is difficult to identify any consequence of this condition
from the test results. Naturally, all FTR fuel will exist in this condition at
the start of operation, as will the fresh subassemblies at the beginning of a
cycle. Restructuring takes place within a short time (days). A third charac-
teristic of the test discussed here that cannot be quantified from the data is
that of preconditioning. Preconditioning refers to operating at steady-state
conditions long enough to heal any startup or shutdown cracks resulting from
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thermal cycles. Such cracks are certainly present in the test fuel and may
not be healed during the transients. In the absence of experimental data, an
analytical treatment of these effects must suffice.

As mentioned in Sec. II, the internal structure of the test pins varied
greatly from test to test. Only the special fresh pins used as peripheral pins
in H3, H5, and E6 are nearly prototypic of FTR in this respect. A 13-mm
insulator-pellet stack and a 150-mm-long Inconel reflector were on top of
the fuel column in the special pins. In the PNL-17 pins used as central pins
in H3 and H5, and in Tests H2 and E4, the reflector was replaced by a spacer
tube. As a result, the inertial restraint was less than prototypic, and the
volume into which molten fuel could move within the cladding was greatly in-
creased. Thus, the conditions appear favorable for prefailure axial motion
of molten fuel. The heat capacity of the tube was also less than that of the
corresponding reflector, but due to the low cladding-gap conductance expected,
this is probably not a matter of consequence. On the other hand, NUMEC-F
pins tested in E6 and E7 had greater than prototypic axial restraint, due to
the long column of insulator pellets. However, the results do not make it
obvious that this effect is important. For the reason given above, the in-
creased heat capacity is probably unimportant as well.

B. Test-section Characteristics

The characteristics of the test section, including the fuel holder and
its associated structure, are most important in establishing the similarity of
test conditions and reactor conditions. Cross-section views of the various
design used for Fuel Dynamics tests are shown in Fig. 5. Other data are
provided in Table XV in an attempt to quantifythe similarity. The manifestations

TABLE XV. Geometric Parameters of Test Sectionsa

Parameter H2/E4 H3/H5 .E6/H4 E7 El/E2 E3 FTR

Flow Area, mniz 26.3 181 181 144 279 82.6 4340

Flow Area per pin, mrriz 26.3 25.8 25.9 20.6 279 27.7 20.0
- 16.7 17.1 13.1 22.8 11.2 17.2

Fuel Area 0.770 0.785 0.783 0.985 0.110 0.420 '1.02
Flow Area 1.21 1.18 1.55 1.35 1.18

Heated Perimeter 0.386 0.536 0.539 0.565 0.236 0.351 0.748
0.810 0.830 0.852 0.837 0.805Wetted Perimeter

Hydraulic Diameter, mm 2.2 3.02 3.05 2.54 3.38 2.79 3.25
2.95 3.10 2.43 3.30 3.02

Steel Cross-sectional Areab 1.06 0.707c 0.703 0.820 0.923 0.953 0.680

Flow Area 0.479 0.449 0.561 0.552 0.472

Upper Inertial Length, m 0.226 0.414 0.378 0.625 0.381 0.272 2.28

Lower Inertial Length, m 0.57.7 1.47 1.46 1.10 1.96 0.698 2.718

aUpper values are for the entire cluster; lower values for the central pin only.
bIncludes cladding, spacer wire, and flow tube in contact with flowing sodium.
cI-I5 only.
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of test-section design are probably most important in the area of fuel move-
ment, since failure threshold and location of failure appear to be primarily
functions of quantities related to the pin and coolant conditions alone.

Several quantities are tabulated for each test and for the FTR in

Table XV. Where two values are given, the upper value is for the entire cross
section of the flow path, including the total flow area and the entire fuel cross
section; the lower value pertains only to a central fuel pin away from the
cluster boundary. For seven-pin tests, this is the central pin; for the FTR.
it is any pin not in the outer row. The central-pin values were obtained by
drawing a hexagonal cell around the fuel pin.

The ratio of the fuel cross-sectional area to the flow area is tabulated
in Table XV. This ratio reflects the amount of fuel in the test section (or
cluster) relative to the area available through which it could move. A high
value of this ratio would probably not enhance chances for sweepout of fuel
through the channels. When the entire-cluster values are considered, Tests El-
E3 had the most favorable ratios; H2, E4, H3, H5, H4, and E6 had less favor-
able values; E7 was the least favorable. At least in trend, the extent of
sweepout tends to follow the ratios. On this basis, all the tests appear to have
at least slightly better chances for sweepout than does the cluster. On the
basis of single-pin ratios, Tests H3, H5, E6, and H4 provide a good mockup
of the FTR. Test E7 shows less favorable conditions.

Within the fuel-column height, the ratio of heated perimeter to wetted
perimeter may be important. The heated perimeter includes only the cladding,
not the spacer wires. It is not clear what effect the values of this ratio would
have on fuel motion. One could argue that fuel is more likely to stick, or
plate out, on unheated surfaces than on heated surfaces, since the rate of heat
transfer would be larger. On the other hand, the heated surfaces would be at
higher temperatures when contacted by fuel, which may stick more readily to
the higher-temperature surface. Especially if the heated surface has dried
out after voiding while the unheated surface retains a sodium film, fuel will
be more likely to stick to the heated surface. Taken on a central-pin basis,
all the seven-pin tests provide a good match of this ratio to the reactor. How-
ever, on a cluster basis, there is clearly too little heated surface in the tests.

The hydraulic diameter reflects the relative availability of flow area
through which fuel can move to surface area on which fuel might stick or plate
out. A high value would seem to be relatively favorable for fuel motion. In
general, the seven-pin tests all provide a reasonable approximation to the FTR
values. The smallest values were for Tests 112 and E4, with E7 also having a
small value. Note that there is little difference between entire-cluster hy-
draulic diameters and those for the central pin above. In all the tests (and
the reactor), hydraulic diameters were about 3 mm, indicating a very con-
stricted flow path. Sweepout of fuel from the top of the fuel column past the
top of the cluster would require passage through a length of about 110-115 hy-
draulic diameters in H3, H4, H5, or E6; about 255 diameters in E7; and about
380 diameters for the FTR pin bundle.
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The ratio of the steel cross-sectional area to the flow area is an
index to the heat capacity of the structure, which tends to promote low tem-
peratures in the plenum region of the clusters, compared to the flow area
through which fuel can move and through which energy transport occurs.
For the reasons discussed above in connection with the ratio of heated
perimeter to wetted perimeter, the effect of a high heat capacity on sweep-
out is not clear. In general, a larger proportion of steel was used in the tests
than the FTR.

C. Loop Characteristics

In addition to comparisons of fuel pins and test-section designs, the
dynamic behavior of the Mark-II loop is important in relating test results to
the FTR. Areas of interest include loop pressurization, inlet-temperature
variation, and voiding dynamics.

Loop pressurization will occur as voiding progresses, since the vol-
ume of cover gas in the loop plenum is relatively small. This is probably not
important, at least in the early stages of failure and fuel motion. The plenum-
gas volume is in excess of 5 x 10 -4 Tri

3
. Voiding of the entire pin bundle in an

H5/E6/E14-type test section would reduce this volume to about 3.5 x 10 -4 m3,
with a corresponding pressure increase (adiabatic compression). If an initial
pressure of 0.25 MPa is assumed, the increase in saturation temperature is
only about 83.3 K for this rather extreme case. Release of all the gas from
seven NUMEC-F irradiated pins into the plenum will result in a smaller rise
in saturation temperature.

A rise in the inlet temperature will occur during a loop experiment,
due to the limited sodium inventory and lack of a heat exchanger. In tran-
sients of duration greater than the recirculation time through the loop
(about 0.5-1 s at normal flow rates), the sodium temperature at the inlet
will begin to rise as heated sodium is recirculated. This rise can be handled
in a straightforward manner in analysis.

The coolant-voiding dynamics of the tests are probably of considerable
importance in determining the extent of damage to fuel pins and the fuel motion
following failure. This importance arises because cooling of the cladding away
from the failure point and motion of the fuel within the fuel-coolant mixing zone
are both related to the motion of the interface between liquid sodium and the
expanding vapor-fuel mixture in the mixing zone. If pressurization of the mix-
ing zone results in reversal of the inlet flow (downward voiding), hot cladding
will be uncovered, with accompanying loss of cooling. Thus, spread of dam-
age is expected. Likewise, reversal of inlet flow implies downward expansion
of the mixing zone. Upward voiding does not tend to spread damage to the same
extent because failure is usually near the top of the pin, so there is less active
fuel length to uncover. To the extent that fuel really travels with the expanding
mixing-zone boundaries, rapid upward voiding provides a favorable condition
for fuel sweepout.
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Some quantitative comparison between the voiding dynamics of the
loop tests and that of an FTR subassembly can be given by comparing the
inertia lengths tabulated in Table XV. To a first approximation, the coolant
dynamic behavior of a loop experiment can be described by one-dimensional
hydrodynamics, assuming isothermal conditions. Early in a transient, the
motion of a planar interface between an expanding mixing zone and a liquid
slug can be approximated by

dv
dt	 pL* (Pm Po),
	 ( 1)

in which friction, area changes, and elevation are ignored; here

v = interface velocity,

p = sodium density,

L* = inertia length,

Pm = mixing-zone pressure,

Po = retarding pressure,

and the positive sign applies to the upper slug and the negative sign applies
to the lower slug. The inertia length is calculated from

L* = A y Lib
	 •	

(2)

where

Ab = pin-bundle area,

= length of the ith segment of flow path,

and

= area of the ith segment of flow path.

The values given in Table XV for the tests were calculated from the
data in Appendix A, using the U and L sections, respectively, and ignoring the
C sections. Values for the FTR were calculated from data supplied by
Chawla.8

Two observations are apparent from the inertia-length data and the
above discussion. First, the accelerations to be expected, being inversely
proportional to the inertia lengths, will be greater in the tests than in the
reactor for a given set of driving and retarding pressures. Second, the ratio
of lower-to-upper inertia lengths is roughly 1.2 in the reactor, whereas it
varies from about 1.8 to about 5.2 for the tests. Values for H5, E6/114, and
E7 were, respectively, 3.6, 3.9, and 1.8. The higher the value of this ratio,
the greater the tendency to void upward rather than downward.

92



The following comments appear to be in order with respect to com-
parison of test to reactor-voiding behavior. Tests }12 and E4 tended to show
fairly symmetric voiding (for the tests), with generally more rapid downward
voiding than in the FTR. Generally similar behavior would be expected in E7,
which would show the most symmetric voiding of all the tests. Upward void-
ing in E7 would be markedly slower than that in H2; downward voiding would
be slower than in H2/E4, but by a lesser difference. Voiding in both direc-
tions would be more rapid in E7 than in the FTR. These expected voiding
patterns are consistent with the test results, which revealed extensive damage
to the fuel pins in each case, with loss of cooling a reasonable cause for the
damage. The rapid upward voiding did not seem to be reflected in large
sweepout, however. Note that E3, which would behave like H2 and E4 in void-
ing, exhibited extensive sweepout; lack of direct correlation of sweepout solely
with voiding is suggested.

The remaining tests- -H4, H5, E6, and E2--showed large ratios of
inertia lengths. This result implies a great preference for upward voiding.
In fact, the upward voiding is so effective in relieving the mixing-zone pres-
sures that little downward voiding is expected. Again, this expectation is
reflected in the test results, at least in H5, E6, and E2, for which destruction
of the pins below the failure location was not complete, with the implication
that cooling was maintained. Some sweepout was observed in these tests, but
it is hard to correlate definitely with voiding rates. Compared to the FTR,
the upward voiding was more rapid in the tests, and the downward voiding was
about the same, or slower, in the tests.

D. Summary

Fuel pins tested in Fuel Dynamics experiments were representative
of only a portion of the full-length FTR pin, so that the indicated failure
threshold is that for only the particular microstructure. Relation to the FTR
situation requires application of the data on a region-by-region basis. All of
the pins tested had a low fluence-to-burnup ratio compared to FTR driver
fuel and were not preconditioned to heal cracks prior to testing. These ef-
fects must be handled analytically. Structural differences between test pins
and FTR pins exist, but their importance is thought to be minimal.

Several quantities have been identified indicating the degree of sim-
ilarity between the test-section geometry and that in the FTR. The signifi-
cance of each quantity is not clear at this time. Based on current knowledge,
we cannot say that the conditions in the tests were more or less favorable for
fuel motion (sweepout) than would be the case under reactor conditions.

Coolant voiding dynamics for the loop tests reflect the geometry of
the test section and loop. In general, voiding in the tests is expected to be
more rapid and more preferentially upward than in the reactor. Tests H4,
H5, E6, and E2 would be expected to exhibit about the same or even less down-
ward voiding than would the reactor. The expectations appear consistent with the
test results in qualitative terms. Again, we cannot say that the voiding dynamics
are such as to produce more or less sweepout than would occur in the reactor.
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APPENDIX A

Test Hardware

1. TREAT

The Transient Reactor Test (TREAT) Facility9 is a graphite-moderated,
UO2 -fueled thermal reactor, designed, built, and operated by Argonne National
Laboratory to provide a capability for safely conducting experiments involving
destruction of fuel samples related to the U. S. fast-reactor-safety programs.
Although there is a limited air-cooling capability, TREAT is basically a
"heat-capacity" facility. Under the current 837 K maximum core-temperature
limit, the reactor has produced bursts up to 2150 MJ. 1° The reactor is shown
in Fig. A.1.

ROD DRIVE

Fig. A.1. TREAT Facility. ANL Neg. No. 900-2776.

TREAT fuel is a homogeneous mixture of graphite and fully enriched
urania (C:U ratio = 10,000). Each fuel element has a 1-m-long fuel section
with 0.6-m-long graphite reflector sections at top and bottom. The fuel sec-
tion is clad in Zircaloy-2. Special elements with the center 0.6 m of fuel
removed are available to provide a slot through the core for optical photography
or for the neutron hodoscope. The slotted elements and hodoscope are shown
in Fig. A.1. A maximum core size of 19 x 19 elements can be accommodated.
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Dynamics tests were conducted in the Mark-IA loop, "
This loop provides the flowing-sodium environment required

for mockup of reactor conditions as well
as containment of the experiment. Suf-
ficient heat capacity is available in the
loop body to absorb the energy generated
in a test without excessive heating of the
loop or the neighboring TREAT fuel
elements. Sodium is circulated through
the loop by an annular linear induction
pump (ALIP), which can be controlled by
varying the power input. 12 There is no
reject heat exchanger; therefore the loop
is limited to transient operation only. A
gas-filled plenum above the sodium
limits pressure changes during exper-
iments.

All the Fuel
shown in Fig. A.Z.

The structural design of the loop
is based on a steady-state pressure-
temperature rating of 34.47 MPa at 810.9K.
Material used is Type 316 stainless steel,
except for the pump tube, which is
Inconel X-750. Use of Inconel reduces the
magnetic air gap in the ALIP to the min-
imum possible. A rupture disk is pro-
vided in the loop in the event of a pressure
exceeding the rating. The outlet of the
rupture disk is piped to a dump tank
having a volume of about 1.9 x i0

Fig. A.2

Mark-II Loop. ANL Neg.
No. 900-2777 Rev. 1.
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Experiments are performed in self-contained capsules that replace
one or two central fuel elements. The recent addition of a computer control
to the transient control rods allows extensive latitude in specifying transient
shapes within the limitations of fuel temperature, available reactivity, and rod
speed.

2. The Mark-IA Loop

95

Operational thermocouple instrumentation is provided on the loop body
at several places of interest. The outputs of these thermocouples are moni-
tored on a slow recording system, but are not generally monitored on fast re-
corders during a transient. These instruments provide temperature data
necessary during loop heatup and cooldown, and for establishing initial con-
ditions for a test.

The test fuel pins are positioned in the loop by a fuel holder and po-
sitioning structure such as shown below. Tests have been run using up to



seven fuel pins with lengths up to 1.1 m. The fuel holder and associated
structure help determine the hydraulic properties of the test, since the pin-
bundle flow path is defined by the fuel holder and the positioning structure in-
fluences the flow above the pin bundle to a significant degree. Hydraulic
properties of the downcomer and pump are solely determined by the loop and
are common to all tests. The only variations of consequence are in the pump
power setting and in the region at the entrance to the pump leg of the loop. In
the latter region, the presence of the pin bundle opposite the entrance in long-
pin (1.1-m) tests influences the hydraulics of the loop.

3. Hodoscope

The fast-neutron hodoscope is used for the direct observation of fuel
and its motion during a TREAT test." Figure A.1 shows the location of the
hodoscope in the TREAT reactor. The hodoscope operates by collecting the
fission neutrons originating from the test fuel. Slots in special TREAT ele-
ments allow a clear path between the test section and the hodoscope. These
high-energy (over 0.3 pJ) neutrons easily penetrate the coolant and structural
materials of the test section. The hodoscope has 334 individual collimators
with a fast-neutron detector at the receiving end of each. The detectors are
focused on a rectangular plane, 0.0571 x 0.51 m, which intersects the test
section.

The information on fuel motion carried by the collected neutrons is
rendered in two different forms. First, graphs of the normalized count rate
as a function of time can be prepared for most of the 334 channels. Second,
an image sequence can be reconstructured using the display tube of a computer.
The reconstruction can be examined dynamically at various speeds, and motion
pictures can be prepared in real time or in slow motion.

4. Test Section and Loop Diagrams

This section includes diagrams of the test sections used in the tests
reported here, along with hydraulic data pertaining to each assembly.
Figure A.3 includes the loop-plenum section which is common to Tests E2,
E3, E4, H2, and H5. The diagram shows the "bayonet subassembly" installed
inside the loop plenum. Also included are the test sections for Tests F12, E4,
and H5. Figure A.4 shows the pump leg of the loop which is common to all
tests. The test section and loop-plenum sections for Tests E6 and E7 are
shown in Figs. A.5 and A.6, respectively.

In each case, the loop is divided into three main parts, called the com-
mon, upper, and lower legs. The common leg includes essentially that portion
of the loop through which no net flow moves in normal operation. The upper
leg includes that portion of the flow path between the top of the fuel column
and the entrance to the common leg (the tee, in most cases). The lower leg
includes the piping between the junction (tee) and the top of the fuel column
through the pump and pin bundle inlet.
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Each leg is subdivided into a number of constant-area sections, each
characterized by a length, flow area, hydraulic diameter, and unrecoverable
loss coefficient. Positive flow is in the direction of increasing section number
(i.e., L2 to L3, Ul to U2, etc.). The boundaries and identification letters are
indicated in the figures. Note that some boundaries are chosen at obstructions
in the flow path such as baffles.

The hydraulic data are given in Tables A.1-A.6. Loss coefficients are
associated with the inlet to a particular section (i.e., the boundary between
sections n and n - 1). Expansion and contraction losses are calculated from14

K
exp 

= [1 - (A2/A1)]2

and

K
con 

= [(1/C c ) - 112,

where K exp is the loss coefficient for an expansion, K con is the loss coefficient,
for a contractor, A2 and A 1 are the flow areas (A 2 < A 1 ), and C c is a function
of A2 /A i given in Ref. 14 (p. 188). These coefficients are applied in

p
KXXX 2 '

where V2 is the average coolant velocity in the smaller area, p is the fluid
density, Pp is the pressure drop, and Kxxx = Kexp or K c on as appropriate.

TABLE A.1. Loop Flow Parameters for Test E2

Section L, mm Af , mrnz Dh, mm

Flow Coefficients

K+ K
-

Cl 95.0 710 16 0.000 0.000
C2 13 974 20 0.141 0.172
C3 9.1 684 10 0.105 0.090
C4 9.9 903 19 0.105 0.137
C5 19 658 11 0.089 0.072
C6 19 621 9.4 0.007 0.005
C7 243 723 11 0.027 0.039
C8 76.2 723 11 4.07 4.07
C9 76.2 723 11 4.07 4.07
C10 76.2 723 11 4.07 4.07
C11 148 723 11 4.07 4.07

Ul 159 279 16 0.000 0.000
U2 6.4 619 20 0.000 0.000
U3 25.4 400 8.1 0.195 0.226
U4 193 455 19 0.026 0.026
U5 58.7 285 11 0.090 0.310
U6 65.0 710 9.4 1.62 1.37

LI 0 710 9.9 0.000 0.000
L2 333.0 285 19 0.360 0.288
L3 116 261 18 0.014 0.010
L4 498.6 273 7.6 0.000 0.000
L5 642.1 285 19 0.000 0.000
L6 16 451 19 0.000 0.000
L7 124 619 28.2 0.685 0.236
L8 304.8 279 3.3 0.240 0.300
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TABLE A.2.	 Loop Flow Parameters for Tests H2 and E4

Section L, mm Af , mm2 Dh, mm

Flow Coefficients

K +

Cl 95.0 710 16 0.000 0.000
C2 13 974 20 0.141 0.172
C3 9.1 684 10 0.105 0.090
C4 9.9 903 19 0.105 0.137
C5 19 658 11 0.089 0.072
C6 19 620 9.4 0.007 0.005
C7 243 723 11 0.027 0.039
C8 76.2 7Z3 11 4.07 4.07
C9 76.2 723 11 4.07 4.07
C10 76.2 723 11 4.07 4.07
C11 148 723 11 4.07 4.07

Ul 200 27 2 0.000 0.000
U2 142 425 18 247 103
U3 50.0 461 24 0.000 0.000
U4 58.7 285 11 0.090 0.310
U5 65.0 710 16 1.62 1.37

Li o 710 9.9 0.000 0.000
L2 333.0 285 19 0.360 0.288
L3 116 261 18 0.014 0.010
L4 498.6 273 7.6 0.000 0.000
L5 642.1 285 19 0.000 0.000
L6 427.0 27 2 0.365 0.820

TABLE A.3. Loop Flow Parameters for Test E3

Section L, mm Af. mm2 Dh, mm

Flow Coefficients

K + K -

Cl 95.0 710 16 0.000 0.000
C2 13 974 20 0.141 0.172
C3 9.1 684 10 0.105 0.090
C4 9.9 903 19 0.105 0.137
C5 19 658 11 0.089 0.072
C6 19 620 9.4 0.007 0.005
C7 243 723 11 0.027 0.039
C8 76.2 723 11 4.07 4.07
C9 76.2 723 11 4.07 4.07
CIO 76.2 723 11 4.07 4.07
C11 148 723 11 4.07 4.07
Ul 57.1 82.6 2.8 0.000 0.000
U2 6.4 86.5 3.3 0.000 0.000
U3 6.4 150 14 0.55 0.5s
U4 246 145 8.6 0.54 0.89
U5 4.6 198 16 1.05 1.65
U6 9.4 284 19 0.197 0.226
U7 193 455 24 0.317 0.344
U8 58.7 285 11 0.090 0.310
U9 65.0 710 16 1.62 1.37
Li 0 710 9.9 0.000 0.000
L2 333.0 285 19 0.360 0.288
L3 116 261 18 0.014 0.010
L4 498.6 274 7.6 0.000 0.000
L5 642.1 274 19 0.000 0.000
L6 143 152 14 0.200 0.218
L7 152 82.6 2. 8 0.196 0.205



TABLE A.4. Loop Flow Parameters for Test H5

Section L, mm Af' mmz Dh, mm

Flow Coefficients

K +

Cl 95.0 710 16 0.000 0.000
C2 13 974 20 0.141 0.172
C3 9.1 684 10 0.105 0.090
C4 9.9 903 19 0.105 0.137
C5 19 658 11 0.089 0.072
C6 19 620 9.4 0.007 0.005
C7 243 723 11 0.027 0.039
C8 76.2 723 11 4.07 4.07
C9 76.2 723 11 4.07 4.07
C10 76.2 723 11 4.07 4.07
C11 148 723 11 4.07 4.07

Ul 342.9 180 3.0 0.000 0.000
U2 39.6 703 30 0.545 0.319
U3 47.8 190 12 0.317 0.530
U4 71.6 748 16 8.30 4.81

Li o 710 9.9 0.000 0.000
L2 333.0 280 19 0.36 0.288
L3 116 260 18 0.014 0.010
L4 498.6 270 7.6 0.000 0.000
L5 642.1 280 19 0.000 0.000
L6 441.7 180 3.0 0.136 0.122

TABLE A.5. Loop Flow Parameters for Test E6

Section L, mm Af' mmz Dh' mm

Flow Coefficients

K+ K -

Cl 34.0 665 15 0.000 0.000

C2 20 590 14 0.018 0.012

C3 39.9 660 15 0.023 0.015

C4 45.7 970 20 0.206 0.235

C5 16 810 14 0.036 0.025

C6 19 940 12 0.037 0.027

C7 6.4 810 9.4 0.028 0.020

C8 19 950 23 0.031 0.022

C9 19 810 15 0.032 0.023

CIO 21 610 11 0.075 0.059

C11 162 720 12 0.027 0.037

C12 76.2 720 12 4.07 4.07

C13 76.2 720 12 4.07 4.07

C14 76.2 720 12 4.07 4.07

C15 148 720 12 4.07 4.07

Ul 326.9 180 3.0 0.000 0.000

U2 16 450 7.1 2.12 1.58

U3 16 610 23 0.147 0.177

U4 72.9 550 12 0.018 0.012

U5 9.4 660 15 0.069 0.098

U6 9.4 520 9.4 0.068 0.050

U7 40.4 660 15 0.083 0.113

Li o 710 9.9 0.000 0.000

L2 333.0 280 19 0.360 0.288

L3 116 260 18 0.014 0.010

L4 498.6 270 7.6 0.000 0.000

L5 642.1 280 19 0.000 0.000

L6 71.4 230 4.1 0.048 0.035

L7 369.8 180 3.0 0.066 0.048
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TABLE A.6. Loop Flow Parameters for Test E7

Section L, mm Af , mm2 Dh , mm

Flow Coefficients

K +	 K-

CI 25.4 826 10 0.000 0.000
C2 13 994 19 0.043 0.058
C3 69.9 994 19 2.49 1.80
C4 68.3 916 16 0.012 0.009
C5 69.9 916 16 1.38 1.13
C6 69.9 916 16 4.07 4.07
C7 69.9 916 16 4.07 4.07
C8 69.9 916 16 4.07 4.07
C9 69.9 916 16 4.07 407
CIO 114 916 16 4.07 4.07

Ul 625.1 140 9.9 0.000 0.000
U2 0 140 9.9 0.69 0.34

Li 0 645 11 0.068 0.050
L2 25.4 645 11 0.000 0.000
L3 98.3 420 8.4 0.132 0.120
L4 333.0 280 19 0.120 0.107
L5 116 260 18 0.014 0.010
L6 498.6 270 7.6 0.000 0.000
L7 642.1 280 19 0.000 0.000
L8 70.1 190 4.1 0.111 0.099
L9 371.3 140 9.9 0.088 0.071

Passage of fluid past an obstruction is treated as passage through an
orifice having an area ratio equal to that at the obstruction. The associated
loss is taken to be that associated with expansion from the vena-contracta area,
CAz, to the free-stream area, A 1 . Values of C are taken from Ref. 14, p. 321,
assuming high Reynolds number.

Friction pressure drops may be treated in the normal manner using
the data given along with a friction-factor correlation such as

f = 0.316Re-°•25,

where Re is the Reynolds number. Basically, this approach is consistent with
the approach used in deriving the data presented in the tables. That is, the loop
is treated as a piping system using data applicable for flow in pipes. This
approach, although imprecise, is thought to be adequate for most calculations
involving loop hydraulics.
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APPENDIX B

Thermal-Hydraulic and Stress-Strain Calculations

Computer simulations of the behavior during a transient of the coolant,
fuel pins, and test-section wall are used to supplement the test data. Since
most of the instrumentation is located so as to record the gross flow condi-
tions within the inlet and outlet of the fuel-pin bundle, detailed conditions
within the pin bundle must be estimated through calculations. In fact, most
of the numbers given in Table XIII on conditions at the estimated time of
failure were calculated rather than measured directly. Certain aspects of the
computer simulations (such as the fuel-pin heat conduction and the sodium
hydraulics up to saturation temperature) have been widely studied, but other
important aspects of the calculations (such as fuel-cladding gap conductance
and transient fission-gas-driven fuel swelling) are not so well known. The
calculations presented in this report were done with modified versions of the
computer codes COBRA-IIIM 15 and DEFORM-II, 16 and yield plausible results
up to the time of flow reversal or loss of intact geometry (fuel-pin failure).

The COBRA-IIIM thermal-hydraulic computer code is an ANL-modified
version of the COBRA-IIIB computer program. 17 This program computes the
flow and enthalpy in rod-bundle nuclear-fuel-element subchannels during
both steady-state and transient conditions. Both turbulent mixing between
adjacent subchannels and diversion crossflow due to pressure gradients and
the helical wire wrap are considered. The wire-wrap diversion model was
not used in calculations of the present tests. The inlet and outlet boundary
conditions on the flow subchannels require specification of the inlet enthalpy,
inlet mass velocity, and exit pressure. Thus flow reversal cannot be calculated.
At ANL, fuel pin and test-section duct-wall heat-transfer subroutines were
added to COBRA. The fuel-pin model, which considered radial heat transfer
only, permitted calculation of fuel and cladding temperatures as function of
radius, pin azimuthal sector, and axial location for a specified transient,
spatially dependent fission-energy-generation rate.

Recently, COBRA-IIIM has been modified further to improve the
suitability of the code for analysis of the tests evaluated in this report. The
most significant of these modifications are changes in the calculation of the
fuel-cladding gap conductance and a link-up of the DEFORM-II stress-strain
code to COBRA. In previous versions of COBRA, the gap conductance is as-
sumed to be inversely proportional to the gap size A r; i.e.,

h	 = h	 A ro
gap	 gaPo Pr

where hg apo is the gap conductance corresponding to the initial gap size A ro
measured at room temperature. The modified fuel-cladding gap conductance
is similar to that used in current FTR steady-state analysis. As before, the
conductance is assumed to be inversely proportional to the gap size, but takes
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into account (1) the small gap remaining when the fuel and cladding are in
contact under internal pin pressure and (2) the mechanics of energy transfer
between the gas in the gap and the solid materials bounding the gap, i.e.,

hgap - c +

where k is the conductivity of the gas in the gap, c is a parameter reflecting
the residual gap (of the order of 0.01 mm), and Ar is the time-dependent gap
calculated from differential thermal expansion between fuel and cladding. In
both cases, the value of the gap conductance is limited so that hgap does not
exceed a specified value (hgap) m . To account for the use of both fresh and
preirradiated pins in the same test, the COBRA input was extended to permit
different parameter values for each pin in the pin bundle.

Deformation of the fuel and cladding during the transient is calculated
by the DEFORM-II code using fuel and cladding temperatures calculated by
COBRA-III. The cladding is loaded on the inside by the differential thermal
expansion between the fuel and cladding once they are in contact. After the
inner portion of the fuel pin melts, the loading of the solid outer shell of fuel
due to fission- or bond-gas expansion is calculated. However, fuel swelling
or cracking is not taken into account. All materials are assumed to be iso-
topic, and zonewise homogeneous, and to obey elastic-viscoplastic stress-
strain relationships. The plane-strain approximation is used with axisymmetry,
and shear stresses are neglected, except for an approximate treatment of
friction between fuel and cladding. No motion of molten fuel is allowed.
DEFORM was originally written to be used with the SAS code, and for this
reason DEFORM cannot account for temperature variations in the azimuthal
direction. Thus, temperatures calculated by COBRA are averaged azimuthally
before being supplied to the DEFORM program, which then operates in the
same manner as when it is obtaining its input from SAS. At present, there is
no feedback from DEFORM to COBRA. A simplified flow diagram illustrating
the linkage is shown in Fig. B.1.

Other recent modifications to COBRA-IIIM include the calculation of
various subsidiary results, such as average fuel energy density and average
coolant outlet temperature, and the facility to change the computational time
step at a predetermined point of the transient. A fairly large time step was
found adequate during the preheat stage of the TREAT transient. However,
during the subsequent burst, a time step smaller by an order of magnitude is
needed to follow the rapid changes in temperature and stress. The COBRA-IIIM
code generally uses backward time and space differences with associated errors
in evaluation of material properties and forcing functions. Several places in
the code have been modified to use more accurate average values. One limita-
tion in COBRA-IIIM is that the latent heat of fusion is not adequately taken
into account. The temperature of a melting-fuel zone is allowed to rise without
allowing for the latent heat sink. Thus the heat transfer out of a partially mol-
ten zone to its neighbor is too large. Temperatures are adjusted at the output
stage to partially correct the results but the heat-transfer error is not corrected.
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APPENDIX C

Input Data for COBRA Thermal-Hydraulic Calculations

This appendix contains the input data for the COBRA thermal-hydraulic
calculations, the results of which are presented throughout the rest of this
report. An attempt has been made to have a uniform consistent set of input
data whenever the TOP tests have features in common. The data are not pre-
sented in a form similar to the actual COBRA input format, but are presented
in numerous, largely self-explanatory tables in order to emphasize the common

features.

Table C.1 contains properties of sodium taken from Golden and Tokar.18
Table C.2 contains cladding and fuel properties. In COBRA the duct wall is as-
sumed to have the same thermal conductivity and specific heat as the cladding.
Table C.3 contains hydraulic parameters common to all calculations. The
system pressure of 2.07 MPa is used to suppress boiling for as long as con-
venient, since the boiling correlations in the present version of COBRA are
not adequate to handle sodium boiling. When interpreting the computed results,
we assume boiling occurs whenever the temperature in any subchannel cell
reaches the saturation temperature for the actual system pressure.

TABLE C.1. Sodium Properties

Pressure,
kPa

Temp,
K

Liquid
Specific
Volume,
m3/kg

Vapor
Specific
Volume,
m3/kg

Liquid
Enthalpy,

J/g

Vapor
Enthalpy,

J/g

Liquid
Viscosity,

kg/h•m

Liquid
Thermal

Conductivity,
J/mm•K

Liquid
Surface

Tension.
kg/m

0.000 583.15 0.001139 62427.90153 772.00 5164.93 1.2118 273.8369 0.01792
0.007 616.48 0.001150 25587.09988 815.24 5181.35 1.1248 267.7932 0.01758
0.02 644.26 0.001159 11119.7938 851.04 5196.59 1.0623 262.8086 0.01729
0.048 672.04 0.001167 5187.88866 886.65 5210.66 1.0070 257.8864 0.01701
0.097 699.82 0.001177 2576.15236 922.10 5223.66 0.95793 253.0888 0.01673
0.17 722.04 0.001184 1531.54524 950.36 5233.36 0.92236 249.2258 0.01650
0.28 744.26 0.001192 940.16514 978.53 5242.50 0.88992 245.4251 0.01628
0.45 766.48 0.001199 594.25179 1006.6 5251.11 0.85941 241.6867 0.01604
0.57 777.59 0.001203 477.26178 1020.6 5255.25 0.84572 239.8799 0.01594
0.689 788.71 0.001207 385.80482 1034.7 5259.30 0.83218 238.0107 0.01582
0.896 799.82 0.001211 313.76295 1048.7 5263.23 0.81909 236.2037 0.01572
1.10 810.928 0.001215 256.64136 1062.7 5267.09 0.80644 234.3346 0.01560
1.38 822.039 0.001219 211.13137 1076.6 5270.86 0.79438 233.1508 0.01548
1.65 833.150 0.001223 174.67344 1090.6 5274.55 0.78263 230.7208 0.01537
2.00 844.261 0.001227 145.20744 1104.6 5278.21 0.77132 228.9139 0.01525
2.41 855.372 0.001230 121.35996 1118.5 5281.76 0.76045 227.1693 0.01513
3.24 866.483 0.001235 101.88244 1132.5 5285.30 0.74989 225.3625 0.01503
3.72 877.594 0.001239 85.90088 1146.4 5288.77 0.73962 223.6179 0.01491
4.21 888.706 0.001243 72.79101 1160.4 5292.21 0.72980 221.8732 0.0148
4.96 899.817 0.001247 61.92854 1174.3 5295.60 0.72027 220.1286 0.0147
5.86 910.928 0.001252 52.87649 1188.3 5298.98 0.71104 218.3841 0.0146
6.895 922.039 0.001255 45.38513 1202.2 5302.35 0.70197 216.7019 0.0145

14.48 977.594 0.001277 22.22436 1272.0 5318.91 0.66104 208.2282 0.0139
28.96 1033.15 0.001300 11.80513 1342.0 5335.52 0.62562 200.0660 0.0133
53.78 1088.71 0.001323 6.70476 1412.4 5352.36 0.59452 192.1531 0.0128
96.527 1144.26 0.001347 4.03472 1483.3 5369.50 0.56714 184.4894 0.0122

151.68 1199.82 0.001372 2.57515 1554.9 5389.23 0.54273 177.0749 0.0116
234.42 1255.37 0.001397 1.71053 1627.4 5408.51 0.52101 169.9096 0.0111
351.63 1310.93 0.001424 1.17802 1700.9 5427.44 0.50121 163.0560 0.0105

2206.32 1644.26 0.001608 0.21475 2172.0 5516.95 0.41445 127.2298 0.00708
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TABLE C.2. Fuel and Cladding Properties

109

Thermal Conductivity,
Temp, K	 J/h•mm•K

Specific Heat,
J•kg•K

Cladding and Duct Wall
294.0 51.8 28.7
422.0 58.3 31.9
588.7 66.67 34.0
644.3 69.47 34.6
699.8 72.28 35.1
755.4 75.08 35.6
810.93 77.88 36.4
866.48 80.69 37.0
922.04 83.49 37.5
977.59 86.29 38.3

1033.2 89.10 39.1
1644.3 89.10 39.1

Cladding-expansion Coeff = 0.8462 x 10 -5

Fuel (Test E3 - UO2)

+ (0.2106 x 10 -8)T [K]

298.0 26.9 20.9
473.2 21.1 20.2
673.2 17.0 19.6
873.15 14.1 19.4

1073.2 12.2 19.5
1273.2 10.7 19.9
1473.2 9.66 20.6
1673.2 8.97 21.7
1873.2 8.41 23.1
2073.2 7.98 24.7
2273.2 7.66 26.73
3113.2 7.66 42.25
3113.7 7.66 31.89
5255.4 7.66 31.89
Fuel-expansion Coeff = 0.33081 x 10 -5 + (0.16092 x 10 -8 )T [K]

Fuel (Mixed-oxide Tests H2, H3, H4, H5, E4, E6, E7) 

298.0 25.6 11.1
699.8 13.0 15.2

1099.8 8.85 18.8
1399.8 7.35 21.2
1799.8 6.42 24.0
2199.8 6.17 26.3
2499.8 6.42 27.80
2699.8 6.79 28.65
2899.8 7.29 29.39
3033.2 7.66 29.82
3088.7 9.35 31.89
4699.8 9.35 31.89

Fuel-expansion Coeff = 0.33434 x 10 -5 + (0.1647 x 10 -8)T [K]

TABLE C.3. Hydraulic Parameters Common to All Tests

System pressure
Friction factor
Crossflow resistance
Momentum turbulent factor
Turbulent mixing factor (0)
Conduction geometry factor
Subcooled void correlation
Film-coefficient correlation

2.07 MPa
0.316 Re-8'85
0.5
0
0.0125
2.0
Not Used
Nu = 5.87 + 0.021Pe°8



Tables C.4 and C.5 show the input and results of a limited sensitivity
study on the choice of some of the parameter values in Table C.3. The calcu-
lations were performed using a set of input data for Test H5 somewhat dif-
ferent from the data in this appendix. The results are generally not very
sensitive to the choice of these hydraulic parameters, but the results are
sensitive to the size of the heat sink provided by the duct wall. Although this
sensitivity study is not extensive, it shows that some freedom is available in
the choice of parameters. This is especially important since there have not
been any extensive hydraulic tests of the Mark-II loop with which to calibrate
COBRA calculations.

TABLE C.4. Input Parameters for Sensitivity Calculations

Case No.

Turbulent
C rossflow,

Conduction
Geometry

Factor, Kg

Turbulent
Momentum
Factor, ft

Crossflow
Resistance

Duct-wall
Thickness,

narn

Heat-transfer
Coefficient
to Bypass,

(J/h-narriz•K)

1	 (Ref.) 0.0125 2 0 0.5 0.89 0.20
2 0.00625 2 0 0.5 0.89 0.20
3 0.025 2 0 0.5 0.89 0.20
4 0.0125 0 0 0.5 0.89 0.20
5 0.0125 4 0 0.5 0.89 0.20
6 0.0125 2 0.5 0.5 0.89 0.20
7 0.0125 2 1.0 0.5 0.89 0.20
8 0.0125 2 0 0.25 0.89 0.20
9 0.0125 2 0 1.0 0.89 0.20

10 0.0125 2 0 0.5 1 0.20
11 0.0125 2 0 0.5 2.5 0.20
12 0.0125 2 0 0.5 0.89 0.02
13 0.0125 2 0 0.5 0.89 2.04

TABLE C.5. Results from Sensitivity Calculations
(Test H5 at approximate time of failure)
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Case No.

Max Fuel
Enthalpy at

Central Pin,
J/g

Midcladding
Temp, K
(Central
pin at top

of fuel
column)

Avg Outlet
Temp, Outlet Temp, K

Channel 1 Channel 2 Channel 3

1	 (Ref.)
2

770.0
771.2

1092.1
1099.4

904.32
903.09

931.82
944.37

899.54
897.15

884.21
878.373

4
767.9
771.6

1080.5
1102.8

902.09
903.71

919.26
951.32

901.15
904.26

890.43
869.325

6
7

768.3
770.0
770.0

1083.7
1092.1
1092.3

902.15
902.59
902.54

922.21
932.09
932.15

899.48
899.21
899.04

889.87
884.48
884.59

8 770.0 1092.1 902.65 931.82 899.54 884.21
9

10
11
12
13

770.0
769.5
768.7
770.0
770.0

1092.1
1089.3
1080.4
1092.1
1091.2

902.65
876.93
810.9
903.65
893.54

931.82
916.26
872.76
932.37
926.59

899.54
872.32
802.4
900.59
176.4

884.21
852.59
774.0
885.43
872.71



Fig. C.2

Rod and Channel Layout Used in COBRA Calcu-

lations for Tests H2 and E4 (Not to scale)

Figures C.1-C.4 are schematic diagrams of the fuel-pin and sub-
channel layout illustrating the nomenclature used in Tables C.6 and C.8. The
relevant dimensions required by COBRA are shown in Tables C.6 and C.7.
The heat-flux distribution from pin to pin is shown in Table C.8 and within
each pin sector in Tables C.9 and C.10. Table C.11 contains miscellaneous
input data on the fuel pins, duct wall, and sodium flow. The initial inlet tem-
peratures and inlet mass flow are taken from the actual test data, and the heat
transfer to bypass sink is assumed to remain at the initial inlet temperature.
Tables C.12 and C.13 contain the forcing functions for TREAT power and in-
let enthalpy taken from the test data. The inlet mass flow is assumed to
remain at its initial value.

Fig. C.1. Rod and Channel Layout Used in COBRA Calculations for Test E3 (Not to scale)
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Fig. C.3

Rod and Channel Layout Used

in COBRA Calculations for

Tests H3 and H5 (Not to scale)
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Fig. C.4. Rod and Channel Layout Used in COBRA Cal-

culations for Tests E6 and E7 (Not to scale)
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TABLE C.6. Subchannel Input Data
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Test(s)

Wetted	 Heated	 Hydraulic
Channel	 Area,	 Perimeter,	 Perimeter,	 Diameter,

No.	 mmz	 mm	 mm	 mm

H2 and E4	 1	 4.4
	

7.927
	

3.058	 2.21
2	 4.4
	

7.927
	

3.058	 2.21

H3 and H5
	

1	 4.2
	

5.66
	

4.60
	

2.959
2	 4.5
	

5.33
	

3.07
	

3.386
3	 6.4
	

8.94
	

3.05
	

2.858
E3	 1	 7.03	 8.89

	

2	 7.23	 8.26

	

3	 7.23	 8.26

	

4	 7.23	 8.26

	

5	 8.97	 11.8

	

6	 8.97	 11.8

	

7	 8.97	 11.8

	

8	 8.97	 11.8

	

9	 8.97	 11.8

	

10	 8.97	 11.8

	

6.942
	

3.162

	

4.628
	

3.500

	

4.628	 3.500

	

4.628
	

3.500

	

3.472
	

3.035

	

3.472
	

3.035

	

3.472
	

3.035

	

3.472
	

3.035

	

3.472
	

3.035

	

3.472	 3.035

E6
	

1	 8.39	 11.33	 9.177	 2.959
2	 8.39	 11.33	 9.177	 2.959
3	 6.32	 9.380	 3.058	 2.695
4	 8.71	 10.61	 6.116	 3.282
5	 6.3	 9.380	 3.058	 2.695
6	 6.3	 9.380	 3.058	 2.695
7	 8.71	 10.61	 6.116	 3.282
8	 6.32	 9.380	 3.058	 2.695

E7	 1	 6.58	 10.77	 9.177	 2.44
2	 6.58	 10.77	 9.177	 2.44
3	 6.52	 8.730	 3.058	 2.985
4	 7.29	 9.167	 6.116	 3.180
5	 6.52	 8.730	 3.058	 2.985
6	 6.52	 8.730	 3.058	 2.985
7	 7.29	 9.167	 6.116	 3.180
8	 6.52	 8.730	 3.058	 2.985

TABLE C.7. Duct-wall Lengths of Contact (mm)

Segment No.	 E3	 E4	 H2	 H3	 H5	 E6	 E7

1	 2.31	 0.36	 0.36	 1.5	 1.5	 0.46	 0.43
2	 7.338	 0.36	 0.36	 5.18	 5.18	 0.46	 0.43
3	 7.338	 -	 -	 -	 -	 0.46	 0.43
4	 2.31	 -	 -	 -	 -	 0.46	 0.43
5	 7.338	 -	 -	 -	 -	 0.25	 0.25
6	 7.338	 -	 -	 0.25	 0.25
7	 2.31	 -	 -	 _	 -	 -
8	 7.338	 -	 -	 -	 -	 -
9	 7.338	 -	 -	 -



TABLE C.8. Radial Power Factors (Calibration constant)

Pin No. E3 E4 H2 H3 H5 E6 E7

1 1.83 3.135 3.135 1.52 1.52 1.634 1.634

2 1.57 - - 2.05 2.05 1.586 1.672

3 1.87 - - - - 1.871 1.995

4 - _ - - 2.052 2.194

TABLE C.9. Axial Distribution of Heat Flux

Test E3 Tests HZ and E4
Tests H3, H5,

E6, and E7

X/L
Relative

Flux X/L
Relative

Flux X1L
Relative

Flux

0 1.039 0 0.849 0 0.810

0.067 1.022 0.071 0.925 0.071 0.950
0.133 1.000 0.143 0.975 0.143 0.990

0.200 0.977 0.214 1.000 0.214 1.000
0.267 0.967 0.286 1.012 0.286 0.990
0.333 0.965 0.357 1.031 0.357 0.960
0.400 0.995 0.429 0.997 0.429 0.820
0.467 1.008 0.500 0 0.500 0
0.533 1.020 1. 0 1. 0
0.600 1.039

0.667 0

1.
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TABLE C.10. Radial Power Distribution in Fuel

Rod
	

Segment
	 Factor (From Node 1 to Node MF)

Tests H2 and E4
1 1 0.804 0.822 0.850 0.986 0.942 1.016 1.072 1.109
1 2 0.804 0.822 0.850 0.896 0.942 1.016 1.072 1.109

Tests H3 and H5
1 0.890 0.894 0.903 0.916 0.933 0.967 1.040 1.129
2 1 0.830 0.823 0.819 0.815 0.816 0.831 0.856 0.906
2 2 0.838 0.853 0.872 0.903 0.954 1.037 1.124 1.213
2 3 0.849 0.877 0.914 0.958 1.016 1.104 1.195 1.286

Test E6
1 1 0.988 0.993 1.003 1.019 0.913 0.952 1.007 1.086
1 0.988 0.993 1.003 1.019 0.913 0.952 1.007 1.086
2 1 0.819 0.815 0.813 0.815 0.825 0.843 0.869 0.910
2 2 0.858 0.895 0.903 0.954 1.007 1.075 1.139 1.208
2 3 0.870 0.922 0.950 1.004 1.069 1.131 1.209 1.279
3 1 0.819 0.815 0.813 0.815 0.825 0.843 0.869 0.910
3 2 0.819 0.815 0.813 0.815 0.825 0.843 0.869 0.910
3 3 0.858 0.895 0.903 0.954 1.007 1.075 1.139 1.208
3 4 0.870 0.922 0.960 1.004 1.069 1.131 1.209 1.279
3 5 0.870 0.922 0.960 1.004 1.069 1.131 1.209 1.279
3 6 0.858 0.895 0.903 0.954 1.007 1.075 1.139 1.208
4 0.819 0.815 0.813 0.815 0.825 0.843 0.869 0.910
4 2 0.870 0.922 0.960 1.004 1.069 1.131 1.209 1.279
4 3 0.858 0.895 0.903 0.954 1.007 1.075 1.130 1.208

Test E7
1 1 0.988 0.993 1.003 1.019 0.913 0.952 1.007 1.086
1 2 0.988 0.993 1.003 1.019 0.913 0.952 1.007 1.086
2 0.896 0.896 0.898 0.786 0.797 0.814 0.837 0.862
2 2 0.934 1.000 1.052 0.964 1.018 1.077 1.129 1.184

2 3 0.990 1.056 1.112 1.025 1.082 1.138 1.196 1.254

3 1 0.896 0.896 0.898 0.786 0.797 0.014 0.837 0.862

3 2 0.896 0.896 0.898 0.786 0.797 0.814 0.837 0.862

3 3 0.934 1.000 1.052 0.964 1.018 1.077 1.129 1.184

3 4 0.990 1.056 1.112 1.025 1.082 1.138 1.196 1.254

3 5 0.990 1.056 1.112 1.025 1.082 1.138 1.196 1.254

3 6 0.934 1.000 1.052 0.964 1.018 1.077 1.129 1.184

4 1 0.896 0.896 0.898 0.786 0.797 0.814 0.837 0.862

4 2 0.990 1.056 1.112 1.025 1.082 1.138 1.196 1.254

4 3 0.934 1.000 1.052 0.964 1.018 1.077 1.129 1.184
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TABLE C.11. Miscellaneous Input Data

Fuel Pin
	

E3	 E4	 H2	 H3	 H5	 E6	 E7

Diameter:	 Fuel OD	 =	 Cladding ID, mm 3.96 5.08 5.08 5.08 5.08 5.08 5.08
Central void, mm 0.51 0.0 0.0 0.0 0.0 1.2 1.2
Cladding OD, mm 4.42 5.84 5.84 5.84 5.84 5.84 5.84

Density: Fuel, kg/m3	9500	 9770	 9770	 9770	 9770	 9770	 9770
Cladding, kg/m 3	7980	 7980	 7980	 7980	 7980	 7980	 7980

Radial nodes: 	 Number in fuel
Fuel-node type
Number in cladding
Cladding-node type

8
Equal A r

6
Equal A r

8
Equal A r

5
Equal A r

8
Equal A r

5
Equal A r

8
Equal A r

5
Equal A r

8
Equal A r

5
Equal A r

8
Equal A r

5
Equal A r

8
Equal A r

5
Equal A r

Fuel-column length, m 0.14 0.343 0.343 0.343 0.343 0.343 0.343

Number of axial nodes in fuel 10 7 7 7 7 7 7

T solidus, K 3058 3033 3033 3033 3033 3033 3033
T liquidus, K 3058 3089 3089 3033 3033 3033 3033
Heat of fusion, 1/g 274 274 274 274 274 274 274
Specific heat during fusion, 1/kg . K 0.5033 0.5033 0.5033 0.5033 0.5033 0.5033 0.5033
Initial	 radial-gap sizes,	 mm

Central pin 0.041 0.08 0.08 0.019 0.019 0.08 0.08
Edge pin - - 0.08 0.08 0.08 0.08

Radial jump distance, mm
Central pin 0.008 0.02 0.02 0.008 0.008 0.008 0.008
Edge pin - - 0.02 0.02 0.02 0.000

Initial gap conductance, J/h.mm2.K
Central pin 10.6 15.3 15.3 5.72 5.72 9.20 9.20Edge pin - - 15.3 15.3 15.3 9.20

Max gap conductance, J/h.mm2.K
Central pin 87.89 112.4 112.4 40.47 40.47 38.84 38.84Edge pin - - 112.4 112.4 112.4 38.8

Duct Wall

Thickness, mm 1 0.79 0.79 0.89 0.89 0.89 0.89Density, kg/m 3 7980 7980 7980 7980 7980 7980 7980HTC to bypass, J/h . mm 2• K 13.3 2.04 2.04 10.2 0.41 0.41 0.41Bypass temp, K 679 729 697 651 627 655 655Gamma heating None None None None None None None
Hydraulic Details:	 Channel length, m 0.217 0.686 0.686 0.686 0.686 0.686 0.686Number of nodes 15 14 14 14 14 14 14

Initial	 inlet temp.	 K 679 729 697 651 627 655 655
Initial	 inlet flow,	 Kg/h • mm2 13.7 15.0 19.4 12.24 11.6 10.8 13.8
Avg heat flux from pin, .1/h . mm 2 29.9 38.0 38.0 38.0 38.0 38.0 38.0
System pressure, MPa 2.07 2.07 2.07 2.07 2.07 2.07 2.07
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TABLE C.12. Forcing Functions for E-series Tests

Test E3 Test E4 Test E6 Test E7

Time, s Factor Time, s	 Factor Time, s	 Factor Time, s Factor

Forcing Function for Power

0.400 1 1.43 1 5.25 1 3.80 1

0.500 166 1.50 20 6.00 165 4.50 79
0.510 223 1.54 36 8.59 165 4.60 142

0.520 325 1.58 64 8.72 309 7.00 142

0.540 568 1.61 100 8.77 406 7.10 215

0.560 972 1.65 198 8.84 591 7.20 384

0.580 1602 1.68 311 8.88 731 7.28 581

0.600 2532 1.72 568 8.94 1024 7.36 933

0.620 3671 1.75 870 9.00 1407 7.42 1293

0.640 4943 1.79 1425 9.08 2036 7.48 1753

0.660 5997 1.85 2315 9.11 2223 7.54 2283

0.670 6321 1.87 2511 9.12 2550 7.56 2416

0.680 6483 1.88 2559 9.13 2550 7.58 2468

0.685 6500 1.89 2584 9.14 2237 7.60 2422

1.90 2571 9.15 2194 7.62 2306

1.91 2543 9.17 2011 7.70 1610

1.92 2493 9.22 1199 7.74 1217

1.94 2318 9.26 585 7.78 894

1.97 1932 9.29 317 7.82 661

2.02 1264 9.32 169 7.86 489

2.05 934 9.35 95 7.90 373

2.10 552 9.40 52 8.00 238

2.19 142 9.50 3 8.10 186

2.22 53 8.50 124

2.24 27 8.60 121

2.50 15 8.80 9

Forcing Function for Inlet Enthalpy

0.400 1.00 1.430 1.00 5.000 1.012 3.80 1.000

0.685 1.03 1.980 1.00 7.000 1.019 6.00 1.021

2.020 1.19 8.000 1.043 7.00 1.036

2.066 1.19 9.000 1.083 7.10 1.043

2.090 1.25 9.321 1.105 7.60 1.070

2.200 1.25 9.354 1.390 7.61 1.117

9.356 1.719 7.63 1.169

9.358 2.058 7.66 1.268

9.360 2.142 7.67 1.425

9.362 2.195 7.68 1.646

9.364 2.210 7.69 1.812

9.400 2.600 7.70 1.951

9.500 2.956 7.72 2.194

7.74 1,377
7.76 2.486

7.77 2.558

7.78 2.655
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TABLE C.13. Forcing Functions for H-series Tests

Test H2 Test H3 Test H5

Time, s Factor
Time, s	 Factor Time, s	 Factor

Forcing Function for Power

0.60 1 4.00 1 2.00 1

0.88 23 5.00 6 2.50 3

0.97 74 6.00 45 2.70 9

1.00 108 6.20 75 2.90 34

1.03 159 6.60 165 3.00 62

1.06 236 7.70 161 3.10 104

1.09 339 9.58 167 3.20 107

1.13 541 9.60 170 3.40 111

1.18 880 9.70 264 6.10 114

1.20 1043 9.84 427 6.90 254

1.23 1267 9.90 403 7.10 285

1.24 1334 9.92 399 7.30 333

1.26 1435 9.94 398 7.50 395

1.28 1504 10.04 409 7.70 465

1.30 1518 10.20 400 7.90 536

1.31 1506 10.22 387 8.00 569

1.33 1459 10.24 354 8.10 605

1.34 1422 10.26 295 8.12 573

1.36 1315 10.28 213 8.20 233

1.45 725 10.30 129 8.25 59

1.49 515 10.32 57 8.30 15

1.51 435 10.34 21

1.54 334 10.36 9

1.59 226 14.00 1

1.69 36
1.72 15

Forcing Function for Inlet Enthalpy

0.600 1.000 4 1.000 2.0 1.000
1.500 1.000 6 1.000 3.5 1.005

1.585 1.068 7 1.008 4.0 1.010

1.700 1.068 8 1.017 4. 5 1.015
1.720 1.143 9 1.047 5.0 1.025
1.750 1.178 10 1.075 5.5 1.033
2.000 1.178 11 1.106 6.0 1.047

12 1.139 7.0 1.068
13 1,153 8.0 1.120

9.0 1.195
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APPENDIX D

Posttest Neutron Radiographs

Figures D.1-D.4 are posttest neutron radiographs showing the con-
dition of Tests H4, H5, E6, and E7 after the TREAT transient and after
stripping of the loop outfitting material from the loop. In these radiographs,
the neutron-absorbing filter material and as much other extraneous material
as possible have been removed. The composite pictures presented here are
made up from a number of smaller pictures printed from the radiograph
negatives. Some variation in density is noted.

Descriptive captions have been placed on the pictures to aid in inter-
pretation. The darkness of the image reflects the neutron-absorbing property
of the material through which the collimated neutron beam passed. Thus,
fuel shows up as a black image, while stainless steel and Inconel show up as
grey, with darkness depending on the thickness.
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LEGEND

A. Lower End Plugs and Insulator Pellets with
a Small Amount of Fuel in the Channels.

B. Concentration of Fuel Near the Bottom of
the Fuel Column.

C. Region Substantially Void of Fuel Except
for a Few Semi—intact Pin Segments.

D. Concentration of Fuel near the Top of the
Fuel Column.

E. Concentration of Fuel above the Fuel Column.

F. Region Containing Relatively Sparse Fuel
Debris Located above the Fuel Column.

G. Extent of Original Fuel Column.

H. Upper Portion of Cluster with Insulator
Pellets and Reflector Pieces.
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1).l. Posttest Neutron Radiograph tor Test 11,1



LEGEND

A. Lower End Plugs and Insulator Pellets.

B. Lower Portion of Fuel Column with Little
or No Evident Pin Damage.

C. Upper Portion of Fuel Column with Some
Pin and Test-section Damage Apparent.

D. Probable Location of Initial Failure of
Central Pin.

E. Region Containing Sparse Fuel Debris
Located above Fuel Column.

F. Extent of Original Fuel Column.

G. Upper Portion of Cluster with Reflector
Pieces in Peripheral Pins.

A-	 B	 --

-Nit	 F 0

Fig. D.2. Posttest Neutron Radiograph for Test H5



A S	

LEGEND

A. Lower End Plugs and Insulator Pellets.

B. Lower Portion of Fuel Column Showing Pin

Bending but Apparent Limited Damage.

C. Upper Portion of Fuel Column with More

Extensive Damage to Pins and Fuel Holder.

D. Region Containing Relatively Sparse Fuel

Debris Located above Fuel Column.

E. Extent of Original Fuel Column.

F. Upper Portion of Cluster with Insulator

Pellets and Reflector Pieces.

Fig. D.3. Posttest Neutron Radiograph for Tcst EG



LEGEND

A. Lower End Plugs and Insulator Pellets with
a Small Amount of Fuel in Channels.

B. Lower Portion of Original Fuel Column with
Relatively Low Density Fuel.

C. Middle Portion of Fuel Column Essentially
Void of Fuel.

D. Upper Region of Fuel Column with Relatively
Low Density Fuel.

E. High Concentration of Fuel near Top of
Original Fuel Column.

F. Region Containing Relatively Dense Fuel
Located above the Original Fuel Column.

G. Region Containing Relatively Sparse Fuel
Located in Reflector and Insulator Region.

H. Extent of Original Fuel Column.

I. Upper Insulator Pellets and Reflector Pieces.

Fig. D.4. Posttest Neutron Radiograph for Test E'l
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